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Introduction  

Intermolecular forces are ubiquitous throughout nature, and though individually weak, in 

aggregate they conspire to define the condensed phase.  Thus, these forces underlie many 

chemical phenomena.  While much can be gained by studying intermolecular forces in 

the bulk phase, research on molecular clusters provides a unique perspective.  Probing 

just a few molecules simplifies the system, allowing for detailed analysis of the 

individual forces that bind molecules together.  Furthermore, clusters are the intermediate 

step between isolated molecules and the condensed phase, providing insight into how 

macroscopic properties evolve.  Studying successively larger clusters allows chemists to 

identify when exactly chemical change occurs.  This approach can be applied to a number 

of fundamental questions.  For example, what level of solvation is necessary to ionize an 

acid, i.e. how many water molecules are required?  Of course, at the macroscopic level, 

we describe the strength of an acid by its pKa.  While the pKa likely correlates with the 

number of water molecules required to achieve ionization, it does not directly address the 

question.  An analysis of clusters could answer this question satisfactorily. 0F

1
    Take for 

another example the minimum size of an ice crystal.  The crystal structure of bulk ice is 

well-known, but that does not translate into answering how small an ice crystal can be.  

Again, research of progressively smaller clusters is central in addressing this question. 1F

2
  

These questions are representative of the goals of cluster science, capturing the common 

themes of solvation, chemical change, and phase change.  

Many varieties of spectroscopy have been used to probe the structure, energetics, and 

dynamics of small to mid-size molecular clusters.  The Leopold group uses Fourier 

transform microwave spectroscopy (FTMW) to gather information on the molecular and 

electronic structure of complexes.  FTMW has proven a powerful tool for studying 

clusters, with a rich history dating back to the 1980s when the Balle-Flygare 

spectrometerF

3
 was first introduced, eventually replacing the microwave studies that used 

molecular beam electric resonance spectroscopy.  

However, much of the work presented here was made possible by more recent advances 

in microwave technology.  Similar to the renaissance experienced in the 80s, the 
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introduction of the broadband chirped-pulse spectrometer has opened new doors for 

microwave spectroscopists.  Developed in the Pate lab in 2008, the chirped-pulse FTMW 

can collect large swaths of rotational spectra concurrently. 3F

4
  In contrast, the Balle-Flygare 

spectrometer, a Fabry-Perot cavity instrument, provides exceptional resolution and 

sensitivity but is greatly limited by the speed with which data can be collected.   

The cavity spectrometer in the Leopold lab was renovated in 2013 to incorporate the 

chirped-pulse technology. 4F

5
  Building on our existing spectrometer, microwave horns and 

circuitry were added along the axis perpendicular to the cavity mirrors.  Briefly, our 

chirped-pulse spectrometer collects in 3 GHz segments with bounds of 6 and 18 GHz.  A 

3 GHz sweep is mixed with a microwave signal and coupled into the vacuum chamber 

via a microwave horn.  The subsequent molecular emission is collected by a partner horn 

and recorded by an oscilloscope, which executes a Fourier transform and provides a 

frequency spectrum. Apart from economizing equipment and space, the tandem design of 

the instrument is beneficial in that both experiments can be performed without tampering 

with the molecular source.  

The advantages of the chirped-pulse FTMW are demonstrated throughout my research.  

The speed of the chirped-pulse spectrometer was established with formic sulfuric 

anhydride (FSA) and the trimethylamine – formic acid complex, as both were observed 

and assigned in a matter of days (if not hours).  Furthermore, we may never have 

observed even a single FSA transition on the cavity spectrometer, as it was an unexpected 

species far removed from our predictions. Similarly, we likely would not have deciphered 

the spectrum of pyridine-water as some transitions were hundreds of MHz away from 

their predictions due to severe perturbations.  Lastly, direct comparison of signal 

intensities is occasionally useful in assigning a transition.  Comparisons of cavity 

intensities are generally unreliable, whereas chirped-pulse intensities can be reasonably 

compared.  This provided useful information in assigning the rotational spectrum of 

pyridine-acetylene.  In sum, the chirped-pulse FTMW makes more challenging projects 

accessible, making this an exciting time in microwave spectroscopy.   
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Along with data gathered from FTMW experiments, every project was supplemented by 

theoretical work.  Both ab initio and density functional theory methods have proven 

reliable for predicting the structure of small molecular complexes.  The subsequently 

predicted rotational spectrum can often be an excellent starting point, especially for 

complexes that are relatively rigid.  However, for clusters with complex internal 

dynamics, the predicted rotational spectrum is less instructive.  The spectroscopic 

consequences of internal dynamics are extremely difficult to predict, requiring accurate 

knowledge of the barrier height and the effective reduced mass of the motion.  

Furthermore, the motions are often multidimensional, adding another level of complexity. 

For my dissertation, I have studied a variety of small clusters.  These projects roughly 

fall into two categories: complexes that may be relevant to atmospheric aerosol 

formation and complexes that exhibit internal dynamics.   

With regard to the first subject, aerosols can be directly emitted or formed in the 

atmosphere.  They are formed either through heterogeneous or homogeneous nucleation.  

The latter is the process through which particles are formed from isolated gas molecules 

and is an area where cluster science departs from the fundamental and is directly 

applicable. 

Although much has been learned in the last few decades, predicting the rate of nucleation 

remains a challenge for atmospheric scientists.  It has long been known that sulfuric acid 

is a central component for particle formation.  Formed in the atmosphere from sulfur 

dioxide, sulfuric acid is a low-volatility compound that is highly hygroscopic.  However, 

binary models using only water and sulfuric acid do not consistently predict particle 

formation rates.  Thus, researchers have increased the complexity of their models, 

incorporating other common atmospheric molecules such as amines and the oxidation 

products of hydrocarbons. 5F

6
  These have led to more successful ternary models but the 

impact of aerosols remains one of the leading sources of uncertainty in current climate 

models. 6F

7
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While the clusters I have studied are much smaller than the particles that directly impact 

the climate and air quality, homogeneous nucleation necessarily starts with small 

molecular clusters.  The strength of these initial interactions, the subsequent change in the 

dipole moment, and the progress towards ionization (in the case of acid and base 

complexes) are relevant properties to the subsequent growth and development towards 

larger particles.   

In particular, we became interested in recent research on the involvement of carboxylic 

acids in nucleation processes.  Formic acid has been investigated in an alternative sulfuric 

acid formation mechanism7F

8
 and its complexes with sulfuric acid 8F

9
 and amines9F

10,
10F

11
 have 

been considered as potential accelerators in particle formation.  Chapter 1 presents work 

on FSA, which was a delightfully unexpected project that emerged from our efforts to 

characterize the sulfuric acid – formic acid complex. 11F

12
  Chapter 2 details our work on the 

trimethylamine – formic acid complex, in which we aimed to measure the degree of 

proton transfer. 12F

13
   In the future, we hope to build off of these successes, using the 

chirped-pulse FTMW to track structural change in higher order clusters. 

Chapters 3-5 deal with complexes that exhibit interesting internal dynamics.  These 

projects were challenging, as internal motions can severely perturb the rotational 

spectrum in ways we cannot fully predict.  In the examples presented here, the 

perturbations arise from the existence of two degenerate configurations.  The 

configurations are separated by a finite barrier, resulting in a symmetric double-well 

potential.  As the barrier increases, the vibrational levels collapse (i.e. the ground and first 

excited states approach each other).  This results in a few spectroscopic consequences: (i) 

the rotational levels of the excited vibrational state may become populated, (ii) near-

degeneracies may arise between Coriolis coupled states, resulting in strong perturbations 

in the spectrum and (iii) transitions between the ground and excited vibrational states 

may now be in the microwave region.  How these exactly manifest in the spectrum also 

depends on the motion and dipole moment components.  Furthermore, not only is it a 

challenge to assign the rotational spectrum, it can also be challenging to identify which 

motion (or motions) is causing the perturbation.   
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The work presented here on formic acid – nitric acid complex, 13F

14
 the pyridine – acetylene 

complex, 14F

15
 and the pyridine – water complex demonstrate how differently internal 

motions can affect the rotational spectra.  They also showcase the entwined nature of 

structure and dynamics.  These studies give depth to the static structure calculated at the 

minimum of a potential energy surface.  We hope that this work can provide 

experimental touchstones for theoretical treatments of multidimensional large amplitude 

dynamics. 
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Chapter 1 :  Gas Phase Observation and Microwave Spectroscopic 

Characterization of Formic Sulfuric Anhydride 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From R. B. Mackenzie, C. T. Dewberry, K. R. Leopold, Science 349, 58-61 (2015). 

Reprinted with permission from AAAS. 
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Abstract  

We report the observation of a covalently bound species, formic sulfuric anhydride 

(FSA), that is produced from formic acid and sulfur trioxide under supersonic jet 

conditions. FSA has been structurally characterized by means of microwave spectroscopy 

and further investigated by using density functional theory and ab initio calculations. 

Theory indicates that a π2 + π2 + σ2 cycloaddition reaction between SO3 and HCOOH is a 

plausible pathway to FSA formation and that such a mechanism would be effectively 

barrierless.  We speculate on the possible role that FSA may play in the Earth’s 

atmosphere. 
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There is an extensive literature on the chemistry of sulfur oxides and their derivatives. 

The area is rich in fundamental science and finds applications ranging from industrial 

chemistry to laboratory synthesis. Sulfur compounds are also active species in the 

atmosphere. 1
16

 and, in particular, the oxides and oxyacids are important players in the 

formation of atmospheric aerosol.
6
 Here, we present a microwave spectroscopic study of 

the anhydride derived from formic and sulfuric acids, produced in a supersonic jet 

containing HCOOH and SO3. 

The present work was stimulated by a series of studies concerned with the formation of 

sulfuric acid in the atmosphere. The acid, which can form via both gas phase and aqueous 

phase processes, is generated in the gas phase by the oxidation of SO2 to SO3, which is 

subsequently hydrated to give H2SO4,  

    SO3 + H2O  H2SO4          (1) 

Both theoretical and experimental studies of this reaction indicate that viable gas phase 

mechanisms involve a facilitator molecule. Using ab initio theory, Morokuma and 

Muguruma
8
 showed that the addition of a second water molecule to H2OSO3 

significantly lowers the activation barrier for eq. 1, and indeed kinetic data show a second 

order dependence on water concentration. 16F

17
 More recently, computational work by Hazra 

and Sinha has indicated that the conversion is essentially barrierless within the complex 

HCOOHH2OSO3. 17F

18
 Upon considering the concentration of formic acid, one of the 

most common atmospheric volatile organic compounds (VOCs), these authors argued 

that this pathway may be significant for the formation of sulfuric acid. Furthermore, this 

mechanism terminates in the formation of the hydrogen bonded complex 

H2SO4∙∙∙HCOOH, which may be a preliminary step in a nucleation process. Indeed, the 

involvement of organic compounds in new particle formation has become a central topic 

in atmospheric particle research and it now has been shown that organics participate not 

only in particle growth
11,

18F

19,
19F

20
 but in nucleation as well.

9,
20F

21-
21F22 F23F24F25F

26
  Carboxylic acids are 

abundant in the atmosphere 26F

27
 and thus, their primary interactions with sulfur-containing 

atmospheric species are of significant interest.  
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Previous work in our laboratory has characterized a variety of atmospheric molecular 

complexes including SO3∙∙∙H2O,
28

 H2SO4∙∙∙H2O,
29

 and HNO3∙∙∙(H2O)n=1-3,
30

 in a 

supersonic jet using microwave spectroscopy. Such systems, in general, are important to 

study because of the roles they play as intermediates in chemical reactions and precursors 

to atmospheric aerosol. Although conditions in the jet do not mimic those in the 

atmosphere, they can produce the same species, albeit under conditions amenable to 

microwave spectroscopy (i.e., in a collisionless environment that is cold enough to ensure 

population of only the lowest rotational energy levels). Spectral analysis yields accurate 

information about gas-phase molecular and electronic structure, which in turn provides an 

important touchstone for computational studies. Therefore, inspired by Hazra and Sinha, 

and by the recent research suggesting the involvement of organic acids in aerosol 

formation, we set out to investigate the complexes such as H2SO4∙∙∙HCOOH and 

SO3∙∙∙HCOOH by microwave spectroscopy in a supersonically expanded mixture of SO3, 

H2O, and HCOOH seeded in argon. What we found was entirely unexpected.   

Rotational spectra were observed by Fourier transform microwave (FTMW) 

spectroscopy. Two methods were employed: conventional cavity-type FTMW 

spectroscopy and the newer broadband, chirped-pulse FTMW technique. The cavity 

spectrometer in our laboratory has been described elsewhere. 30F

31
 Briefly, molecules enter a 

tuned microwave cavity and are coherently excited by a 1 to 2 s pulse of radiation. The 

resulting free induction decay is heterodyne-detected, digitized, and Fourier transformed 

to produce a signal in the frequency domain. Uncertainties in spectral transition 

frequencies are typically on the order of 2 to 3 kHz. In our broadband spectrometer, 31F

32
 

which applies the methods developed by Pate and coworkers,
4
 the cavity is eliminated 

and the radiation for sample excitation is generated by upconversion of a 0.2 to 3.2 GHz 

chirped pulse to the microwave spectral region of interest. A 20 W amplifier boosts the 

power before irradiation of the molecular sample, which is accomplished via a 

microwave horn. The resulting free induction decay is received by an identical 

companion horn, down-converted for digitization, and Fourier transformed to produce a 3 

GHz wide segment of the microwave spectrum. Linewidths are typically ~90 kHz and the 

apparatus is less sensitive than that of the cavity spectrometer, but it allows for rapid 
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location and identification of spectra. In this work, spectra were initially recorded with 

the broadband spectrometer and subsequently re-measured at high resolution using the 

cavity system.  

A key feature of this experiment was the molecular source,
31

 which consisted of a 

supersonic expansion of SO3 in Ar, to which a flowing stream of formic acid and water 

vapor was added. The argon carrier gas was seeded with SO3 by entrainment upon 

passage over solid, polymerized SO3. A gaseous mixture of HCOOH and H2O was added 

by bubbling Ar through 88% aqueous formic acid and injecting it into the expansion 

(Figure 1.1a). This configuration provides “on-the-fly” mixing of reactive reagents during 

the first few tens of microseconds of the supersonic expansion. 

Transitions from a variety of known species, including Ar∙∙∙SO3, H2O∙∙∙SO3, H2SO4 

(formed from SO3 + H2O), H2SO4∙∙∙H2O, Ar∙∙∙HCOOH, and H2O∙∙∙HCOOH were 

observable, as were numerous lines of unknown origin (Figure 1.1b). Among these was a 

set of strong transitions whose pattern made them readily identifiable as the a-type 

spectrum of an asymmetric rotor, and a preliminary least squares fit to a Watson A-

reduced Hamiltonian gave residuals of under 5 kHz. The appearance of these transitions 

required the presence of HCOOH, and our initial hypothesis was that they were due 

either to the H2SO4∙∙∙HCOOH or SO3∙∙∙HCOOH weakly bound complex. However, 

theoretical predictions of the rotational constants for both species using the density 

functional M06-2X (Table A.1) clearly indicated that neither is the carrier of the observed 

spectrum. Indeed, the computed rotational constants of H2SO4∙∙∙HCOOH as well as those 

of several weakly bound isomers of SO3∙∙∙HCOOH (Table A.1 and Figure A.3) differ by 

up to ~1 GHz and ~200 MHz, respectively, from those fitted from experimental data.  

Additional calculations near the global minimum energy configuration of SO3∙∙∙HCOOH  

were performed with starting configurations at progressively shorter intermolecular 

separations. These eventually revealed a new chemically bonded species in which the 

acidic proton of the formic acid transfers to the SO3 and a new sulfur-oxygen bond is 

formed (Tables A.2 and A.3). Frequency calculations were performed to verify the 
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authenticity of the potential energy minimum and the DFT results were confirmed with 

MP2 calculations. The structure of this molecule, formic sulfuric anhydride (FSA), is 

shown in Table 1.1.  

 

Figure 1.1 Experimental Setup and Results for FSA 
(A) A diagram of the nozzle source. HCOOH/H2O/Ar was introduced a few millimeters 

downstream of the start of the expansion through a 0.016-inch inner-diameter hypodermic needle. 

(B) Stick spectrum of transitions observed using the chirped-pulse spectrometer and confirmed on 

the cavity system from an Ar, SO3, H2O, and HCOOH mixture for the 6-12 GHz 
region. Unassigned transitions that were independent of HCOOH are not shown.  The relative 

intensities were maintained from the original chirped-pulse data (average of 50,000 FIDs) and are 

comparable for broadband spectra within the same spectral region (e.g., 6-9 and 9-12 GHz, 
demarcated by the break in the spectrum). Red lines represent FSA transitions. Transitions 

assigned to Ar-SO3, Ar-HCOOH, and HCOOH were left in the spectrum for comparison to FSA 

transitions and are marked in blue, pink, and green, respectively.  The strongest transition 

observed for each is labeled on the figure.  Black lines are unassigned. (C) Portion of the 9-12 
GHz spectrum showing two FSA transitions highlighted in red.   

This structure has substantial dipole moment components along each of its three inertial 

axes (a, b, and c = 3.19, 0.48, and 0.97 D, respectively; Total = 3.37 D) and indeed 

with this information, b-type and c-type transitions were easily predicted and located. 

With a, b, and c-type transitions recorded, a final fit was performed to yield the rotational 
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constants listed in Table 1.2. As indicated in the table, the predicted rotational constants 

of FSA match the experimental values to within 0.7% (32 MHz for A and 14 MHz for B 

and C). 

Table 1.1 Comparison of Experimental and Theoretical Intermolecular Distances 

 

Distance
* M06-2X

† MP2
†
 Experiment

‡ 

C1-S5 2.589 2.593 2.594(5) 

C1-H2 1.092 1.091 1.11(1) 

C1-H9 2.634 2.572 2.62(1) 

S5-H9 2.085 2.069 2.025(3) 

S5-H2 3.514 3.520 3.513(2) 

* All distances in Å. 

 
†
 M06-2X and MP2 calculations done with 6-311++G(3df,3pd) basis set.   

‡
 Determined from Kraitchman’s equations.  

As a final test, spectra of the 
34

S-, 
13

C- , and both monodeuterated isotopologues were 

predicted and observed. 
34

S- and 
13

C- isotopologue spectra were recorded in natural 

abundance and experiments on the deuterated species employed isotopically enriched 

HCOOD or DCOOH. Transition frequencies and fitted spectroscopic constants for the 

observed isotopologues are provided in Tables A.4-A.9. All observed isotope shifts were 

in excellent agreement with those predicted from the theoretical structure. When HCOOD 

was used, the deuterium was found in the H9 position, confirming the occurrence (direct 

or indirect) of proton transfer; 32 F

33
 isotopic substitutions allowed determination of several 

interatomic distances using Kraitchman’s equations.F

34
 These results are given and 

compared with the theoretical values in Table 1.1, where agreement is again seen to be 

excellent. The agreement between experimental and theoretical rotational constants, their 

isotope shifts, and the computed interatomic distances unambiguously establishes that the 

observed species is FSA. 
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Table 1.2 Experimental and Calculated Rotational Constants for FSA 

The literature on compounds related to FSA appears sparse, though a few prior 

condensed phase studies are noteworthy. The sodium salt of acetic sulfuric anhydride has 

been described,F

35
 but the parent acid (CH3COOSO3H) is reportedly unstable with respect 

to rearrangement or decomposition. 35F

36,
36F

37
 Dissolved salts of form [M

n+
][SO3OCHO


]n have 

also been described in a patent concerning the preparation of isoflavones in a variety of 

non-aqueous solvents.
38

 We are unaware, however, of any previous gas phase 

observations of FSA or its analogs. To better understand the pathway for the formation of 

FSA in the gas phase, calculations were performed
32

 to locate the transition state 

connecting it with the SO3∙∙∙HCOOH van der Waals complex (Table A.10).  For these 

calculations, using the optimized MP2 geometries, single point CCSD(T) calculations 

were done using the complete basis set extrapolation scheme of Neese and Valeev with 

the ANO-pVDZ to ANO-pVTZ basis sets.
39

  The transition state (TS in Figure 1.2a) was 

found and corresponds to a concerted π2 + π2 + σ2 cycloaddition (Figure 1.2b), in which 

the acidic proton is transferred as the new SO bond is formed. A similar reaction has 

been proposed for SO2∙∙∙HCOOH but the formation of the resulting monomer, formic 

sulfurous anhydride, from SO2 and HCOOH is endothermic.
40

  In the current case, 

however, FSA is 4.4 (4.2) kcal/mol lower in energy than the SO3HCOOH van der 

Waals complex, where the value in parentheses is zero-point corrected. The energy of the 

transition state is 2.2 (0.2) kcal/mol higher than that of SO3∙∙∙HCOOH indicating that its 

conversion to FSA, with zero-point corrections, is essentially barrierless. In this light, it is 

not surprising that transitions of FSA were among the most prominent features in the 

observed spectrum. Note that a second conformer of FSA, with the OH bond rotated 

180, was also identified from the M06-2X calculations (Figure A.5). However, this local 

Constant Observed
*
 Theoretical

*†
 (obs.-calc.)

*
 % Difference 

A 4510.1155(12) 4542 32 0.7% 

B 2013.28751(13) 2027 14 0.7% 

C 1913.33629(13) 1927 14 0.7% 

* All values in MHz. 
† 
Calculations were done with the M06-2X functional and 6-311++G(3df,3pd) basis set. 
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minimum lies 4.0 kcal/mol above the global minimum of Table 1.1, and no spectra 

corresponding to this structure were identified, presumably due to insufficient population 

in the supersonic jet. 

 

Figure 1.2 FSA Energetics 
(A) Potential energy landscape of the bimolecular complexes formed between H2O, SO3, and 

HCOOH.  Geometries were optimized using MP2/6-311++G(3df,3pd) and single point electronic 

energies were computed using CCSD(T)/CBS(D-T).  The red (dashed) trace is uncorrected for 

ZPE. The blue (solid) trace is ZPE corrected with frequencies from the MP2/6-311++G(3df,3pd) 
calculations.  Zero is defined as the sum of the monomer energies with and without ZPE 

corrections for the blue (solid) and red (dashed) traces, respectively.  The barrier to conversion 

from the complex to FSA is 2.2 kcal/mol without ZPE corrections and 0.2 kcal/mol with ZPE 
corrections. (B) Possible formation mechanism of FSA from SO3 and HCOOH. 

We also sought to establish the stability of the putative FSA precursor, SO3∙∙∙HCOOH, 

relative to that of other bimolecular complexes with potential roles as sulfuric acid and/or 

aerosol precursors. Computed energies of the complexes formed from SO3, H2O, and 

HCOOH, are included in Figures 1.2a and A.4, and in Table A.10. With zero point 
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corrections, the SO3∙∙∙HCOOH complex is 3.6 and 4.4 kcal/mol more stable than 

H2O∙∙∙HCOOH and H2O∙∙∙SO3, respectively. Similar calculations for H2O∙∙∙HCOOH and 

H2O∙∙∙SO3 have been given elsewhere
6,18

 but are reproduced here to ensure comparisons 

at a uniform level of theory.  

Both carboxylic and sulfonic acid anhydrides hydrolyze in water, and the hydrolysis of 

acetic sulfuric anhydride has been studied.
37,

40F

41
 Thus, it is reasonable to hypothesize that 

the formation of SO3∙∙∙HCOOH with a barrierless conversion to FSA, followed by 

reaction with water and/or uptake into liquid droplets may constitute an alternate pathway 

for H2SO4 production in the atmosphere 

SO3 + HCOOH  SO3∙∙∙HCOOH            (2) 

SO3∙∙∙HCOOH  FSA      (3) 

FSA + H2O(g and/or )  H2SO4(g and/or aq) + HCOOH(g and/or aq)             (4) 

Although such a mechanism is not expected to dominate over established pathways 

involving direct reaction with water, we note that it requires only the formation of a 

bimolecular, not a trimolecular complex, and may contribute, especially in areas with 

elevated concentrations of carboxylic acids. Additionally, eq. 4 occurring in small water-

containing clusters and/or liquid droplets may provide a pathway for the incorporation of 

volatile organic compounds into atmospheric aerosol. The mechanism may also be 

significant if extended to compounds of low volatility, which are more likely to 

contribute to prenucleation clusters.
42

  Indeed, we have performed additional calculations 

with larger carboxylic acids, which confirm the viability of their reaction to form FSA 

analogues (Figure A.6). Moreover, laboratory studies that generated H2SO4 in situ have 

suggested that sulfur-containing species other than H2SO4 could be the initial nucleating 

agent.F

43
 Under such a conclusion, FSA or its analogues could be nucleating agents 

themselves. Thus, while the atmospheric importance of eqs. 2-4 is by no means certain, 

we suggest that scenarios involving FSA and larger sulfuric – carboxylic anhydrides 

should be explored in conjunction with models that involve trimolecular complexes such 
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as (H2O)2∙∙∙SO3 and H2O∙∙∙HCOOH∙∙∙SO3, and in mechanisms for the early incorporation 

of organics in nucleation schemes. This could include, but is not limited to, mechanistic 

studies of the hydrolysis of sulfuric-carboxylic anhydrides in both water-containing 

clusters and bulk phase.  
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Chapter 2 : The Trimethylamine - Formic Acid Complex 

Microwave Characterization of a Prototype for Potential Precursors to 

Atmospheric Aerosol 
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Abstract 

The reactions of amines and carboxylic acids have recently received attention for their 

possible role in the formation of atmospheric aerosol. Here, we report a microwave study 

of the trimethylamine  formic acid hydrogen bonded complex, a simple prototype in 

which to study amine  carboxylic acid interactions. Spectra of three isotopologues of the 

system have been observed using a tandem cavity and chirped-pulse Fourier transform 

microwave spectrometer. The complex has a plane of symmetry, with the acidic proton of 

the formic acid directed toward the lone pair of the nitrogen. The zero point averaged 

hydrogen bond length is 1.702 Å and the OHN angle is 177°. 
14

N nuclear quadrupole 

hyperfine structure has been used to assess the degree of proton transfer from the formic 

acid to the trimethylamine. Experimental results are supplemented with density 

functional theory calculations. M06-2X/6-311++G(3df,3pd) calculations indicate a 

binding energy of 16.8 kcal/mol with counterpoise correction (17.4 kcal/mol without 

counterpoise correction). 
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Introduction  

Recent research on atmospheric aerosols indicates that organic compounds contribute to 

early stages of new particle growth.
9-10,21-26,44-45 

While exact mechanisms have not been 

elucidated, one possible route involves the reaction of organic acids with other 

atmospheric species.
9,10,21,22,25,44

 The idea is that if such reactions form products of low 

volatility, the critical cluster size can be reduced and, moreover, the resulting new 

particles will necessarily contain their organic precursors. Carboxylic acids are known to 

be abundant in the atmosphere,
27,46

 and in this light, their interaction with other 

atmospheric species is a particularly intriguing topic of investigation.  

 

Here, we focus on work involving the formation of organic salts from carboxylic acids 

and amines. Using theoretical modeling, Barsanti et al. explored the contribution of 

various alkylammonium carboxylates to new particle growth in the atmosphere and 

provided preliminary evidence that such compounds may, indeed, play a role in 

atmospheric nucleation.
10

  A subsequent study by Smith et al.
11

 indicated that, while the 

formation of organic salts likely does not account for all growth due to organic 

compounds, such salts do have a significant impact on nanoparticle formation. Indeed in 

their study, thermal desorption chemical ionization mass spectrometric experiments in an 

urban environment showed that protonated amines corresponded to 47% of the detected 

positive ions. Similar experiments at a remote forested site recorded 23% of the detected 

ions arising from alkylammonium salts. More recently, general formulations of the 

contribution of acid-base chemistry to atmospheric particle growth have been 

considered. 47F

47,48
 

 

In the above context, Barsanti et al. have emphasized the need for experimental 

information on organic salts.
10

  Therefore, in this work, we use the complex formed from 

trimethylamine (TMA) and formic acid (HCOOH) as a prototype for the gas-phase 

interactions of amines and carboxylic acids. Microwave spectroscopy in a supersonic jet, 

together with density function theory calculations are used to provide information about 

the structure, binding energy, and degree of ion pair formation in an isolated 
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TMAHCOOH complex. Although the supersonic jet does not mimic atmospheric 

conditions, this work provides a detailed physical characterization of the gas-phase 

interaction between these moieties and in doing so, provides a basis for understanding the 

steps that may lead to salt formation and ultimately new particle formation in the 

atmosphere.  

 

Experimental and Computational Methods  

Rotational spectra of the TMA – formic acid complex were collected from 5.4 -18 GHz 

using a tandem cavity and chirped-pulse Fourier transform microwave spectrometer. The 

cavity instrument has been described elsewhere
31,

49F

49
 and its conversion to incorporate a 

chirped-pulse spectrometer was detailed recently.
5
  A 1% gas mixture of TMA in Ar at a 

stagnation pressure of 1.4 atm was pulsed into the spectrometer through a 0.8 mm 

diameter nozzle and an argon - formic acid mixture was introduced a few millimeters 

downstream of the nozzle via a 0.012 ID stainless steel needle, as described 

previously. 51F

50
 The mixture was created in a small reservoir of HCOOH (85%) through 

which Ar was flowed at a pressure of 0.7 atm. 
13

C isotopic substitution experiments were 

performed in natural abundance and deuterium substitution experiments utilized DCOOH 

purchased from Sigma Aldrich. For the parent and DCOOH isotopologues, spectra were 

first recorded with the chirped pulse spectrometer and most transitions were subsequently 

re-measured on the cavity system. For the 
13

C substituted species, all transitions were 

located and measured on the cavity spectrometer. Uncertainties were typically between 

40 and 90 kHz in the chirped-pulse spectra (depending on the transition) and ~4 kHz in 

the cavity spectra. 

 

Liljefors and Norrby have reported single point energy calculations at a series of levels of 

theory at the HF/6-31+G* structure.52F

51
  Here, the structure of TMAHCOOH was 

optimized using M06-2X/6-311++G(3df,3pd) with an ultrafine integral grid, and 

frequency calculations were done to confirm that the structure indeed corresponded to a 

minimum on the potential energy surface. Figure 2.1 shows the calculated structure. The 

binding energy is 16.8 kcal/mol with counterpoise correction53F

52
 (17.4 kcal/mol without 
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correction). The predicted hydrogen bond length is 1.623 Å, with a NH-O angle of  

177.2°. 54F

53
 Note that the pseudo-C3 axis of the TMA lies in the plane of the formic acid, 

rendering two of the methyl groups equivalent. Atomic Cartesian coordinates are 

included in Appendix B.  

 

 

Figure 2.1 Predicted Structure of TMA-HCOOH 

The structure of TMAHCOOH determined from M06-2X/6-311++G(3df,3pd) calculations. 

Equivalent atoms are given the same label.   

 

The dipole moment of the complex was also computed at the M06-2X/6-

311++G(3df,3pd) level of theory and found to be 2.883 D, with components of 2.808, 

0.649, and 0.000 D along the a-, b-, and c-inertial axes, respectively. At the same level of 

theory, the dipole moments of monomeric TMA and HCOOH were computed to be 0.641 

D and 1.530 D, these values being 5% and 7% greater than the experimental values of 

0.612(3) D55F

54
 and 1.4253(18) D,56F

55
 respectively.  

 

For comparison, similar calculations were done for NH3HCOOH at the same level of 

theory. In this case, the binding energies with and without counterpoise corrections are 

14.0 kcal/mol and 14.4 kcal/mol, respectively, and the hydrogen bond length is 1.731 Å 

with an NH-O angle of 166.0.
53

 

 

Results 

A chirped-pulse spectrum of a mixture of the parent isotopologues from 6-18 GHz, 

collected in 3 GHz segments, is shown in Figure 2.2. The broad coverage of the spectrum 

facilitated spectral assignments which were then confirmed on the basis of a preliminary 
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fit to a Watson A-reduced Hamiltonian. Many of these transitions were subsequently re-

measured at high resolution using the cavity spectrometer and were then incorporated 

into a revised fit to produce the final set of spectroscopic constants given in Table 2.1. 

For the parent species, 20 a-type rotational transitions up to J = 6 ← 5 and K1 = 3 were 

included, and ΔJ and ΔJK were the only centrifugal distortion constants necessary to 

achieve a satisfactory fit. Nuclear electric quadrupole hyperfine structure resulting from 

the 
14

N nucleus was observed for all spectra recorded with the cavity spectrometer. 

Hyperfine structure was analyzed in the usual manner, using the F=J+I coupling scheme, 

where I = 1 is the nuclear spin of the 
14

N. Tables of transition frequencies, assignments, 

and residuals are provided in Appendix B.  

 

Transitions of the isotopically substituted species were readily located by applying the 

isotope shifts in the rotational constants calculated on the basis of the theoretical structure 

to the observed rotational constants of the parent species. For the DCOOH isotopologue, 

no hyperfine structure arising from the deuterium was resolved and thus no deuterium 

quadrupole coupling constants were determined. Searches for complexes containing the 

13
C isotopologues of TMA were first conducted for the 

13
C11 species (i.e., the in-plane 

carbon of the TMA, see Figure 2.1 for atom labeling). While a number of weak lines 

were observed, their intensities were low enough to preclude observation of the entire 

spectrum. However, the other carbon of TMA (C7) belongs to a pair of equivalent 

carbons and hence was expected to be twice as abundant. Thus, we abandoned 
13

C11 in 

favor of measuring the spectrum of the 
13

C7-substituted species. In the course of these 

experiments, no additional rotational transitions were observed in the immediate vicinity 

of the 
13

C7 transitions, providing further evidence of the exact equivalence of the C7 

carbons. Spectroscopic constants for the isotopically substituted species are also reported 

in Table 2.1. Note that the rms residuals in the fit for the 
13

C substituted form is slightly 

smaller than those for the parent and DCOOH species because the latter resulted from fits 

that included both high resolution cavity data and lower resolution chirped-pulse data.57F

56
  

For DCOOH, unresolved deuterium hyperfine structure may also contribute to the rms 

residuals. 
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Figure 2.2  Chirp Spectrum of TMA-HCOOH  
Upper Trace: Chirped-pulse microwave spectrum of HCOOH, TMA, and trace water in an Ar 

expansion from 618 GHz. The spectrum was collected in segments of 3 GHz, which are marked 
on the horizontal axis. TMA monomer lines and known instrumental artifacts have been removed.  

Transitions highlighted in red were assigned to the TMAHCOOH complex.  Lower (inverted) 
Trace:  Predicted transitions frequencies using spectroscopic constants from the final least square 

fit for the parent isotopologue. 

 
 

Table 2.1 Fitted Spectroscopic Constants for Three Isotopologues of TMA-HCOOH 

Constant TMA-HCOOH TMA(
13

C7)-HCOOH TMA-DCOOH
a
 

A (MHz) 3826.54(12) 3767.41(16) 3812.69(10) 

B (MHz) 1446.37300(27) 1435.39458(42) 1404.23803(64) 

C (MHz) 1334.66883(23) 1327.80905(37) 1297.05980(37) 

χaa (MHz)
b
 2.8190(22) 2.867(17) 2.913(67) 

(χbb-χcc) (MHz)
b
 1.7240(52) 1.508(60) 1.53(10) 

ΔJ (kHz) 0.5676(85) 0.588(14) 0.6019(77) 

ΔJK (kHz) 1.846(65) 1.667(81) 1.846
d 

RMS (kHz) 18
c 

3 11
c
 

N
e
 53 22 19 

(a)  Deuterium hyperfine structure was not resolved for the TMADCOOH isotopologue.   
(b) Nuclear quadrupole coupling constants are for the 

14
N nucleus. 

(c) The least squares fit for the parent and DCOOH species contains a combination of 

transitions observed using the cavity instrument (uncertainty of ~4 kHz) and the chirped-

pulse instrument (uncertainty of  40  90 kHz).  Transition frequencies were weighted in 

the fit according to their estimated uncertainty. Details are provided in Appendix B 
along with the transition frequencies and assignments.  

(d) JK was not well determined using the transitions observed for TMADCOOH and was 
therefore fixed to the parent value. 

(e) Number of distinct lines in the fit (includes nuclear hyperfine components). 
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Analysis of Rotational Constants 

With only three isotopologues observed, a complete structure analysis was not 

achievable. However, with the usual assumption that the monomer geometries are 

unchanged upon complexation, a structure could be derived that reproduced the 

experimental rotational constants quite satisfactorily.  First, the planar moment about the 

a-b plane, 

 

         Pc = (1/2)(Iaa + Ibb  Icc)           (1) 

 

is equal to mici
2
 and is therefore dominated by the out-of-plane mass. Using the 

rotational constants of Table 2.1 to determine Iaa, Ibb, and Icc for the parent complex, we 

obtain a value of Pc = 51.414 amu Å
2
. This is very close to the value of 50.696 amu Å

2
 

calculated from the published structure 58F

57,58 
of free TMA about a plane which contains one 

of the methyl groups. In other words, the planar moment of the complex is very nearly 

equal to that of free TMA about an equivalent plane. This suggests that one methyl 

carbon lies in the plane of the formic acid, with the other two symmetrically positioned 

about it (in agreement with the theoretical structure). Therefore, the complex was 

assumed to have a plane of symmetry that contains the formic acid and one of the methyl 

carbons of the TMA. 

 

The geometrical parameters needed to further specify the geometry of the complex are 

shown in Figure 2.3. R1 and R2 are the distances between the centers of mass of the 

monomers and the center of mass of the complex, and their sum, Rcm, is the center of 

mass separation. TMA and HCOOH are the angles that Rcm forms with the c-axis of TMA 

and the a-axis of HCOOH, respectively. Noting that the c-inertial axis of the complex is 

perpendicular to the X-Z plane, and recalling that the TMA monomer is an oblate top, the 

parallel axis theorem gives 

 

        𝐼𝑐𝑐
𝑐𝑜𝑚𝑝𝑙𝑒𝑥

= 𝜇𝑅𝑐𝑚
2 + 𝐼𝑐𝑐

𝐻𝐶𝑂𝑂𝐻 + 𝐼𝑎𝑎
𝑇𝑀𝐴          (2) 
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where  is the pseudodiatomic reduced mass of the complex and each Igg is the moment 

of inertia of the indicated monomer about its g-inertial axis. Using values of 
HCOOH
ccI

and 
TMA
aaI  obtained from published rotational constants,

57-61
a value of Rcm = 3.244064 Å 

was obtained for the parent isotopologue.
62

  

 

Further specification of the geometry of the complex requires that HCOOH and TMA be 

determined. To do so, the distance between H1 and the center of mass of the parent 

complex was first determined from the rotational constants of the parent and DCOOH 

isotopologues to be 3.31778 Å using Kraitchman’s equations. 60F

63
 The value θHCOOH was 

then adjusted so as to reproduce this distance (with Rcm held at the above value), with the 

result that θHCOOH  = 104.70°. A similar calculation using the C7 substitution data on the 

TMA gave a distance of 1.83615 Å between C7 and the center of mass of the parent 

complex, with a corresponding value of TMA = 23.65°. Using these results for Rcm, 

θHCOOH , and TMA, and the known structures of the monomer units,
57-61

 the zero point 

vibrationally averaged hydrogen bond length for the complex is determined to be 1.702 

Å, with a vibrationally averaged OHN angle of 177.3°. These results are both 

chemically reasonable and in good agreement with the theoretical results, which give 

equilibrium values of the hydrogen bond length and bond angle of 1.623 Å and 177.2°, 

respectively. The experimentally determined N6O4C2 angle is 108.1. 

 

Uncertainties in the experimental values are difficult to ascertain in view of the limited 

isotopic substitution that could be used to test the isotopic invariance of the reported 

structure. However, experience with similar types of analyses indicates that values on the 

order of ±0.02 Å for the hydrogen bond distance and ±2 for the hydrogen bond angle 

would be reasonable.
14,15

61  Note that the use of unperturbed monomer geometries could 

also introduce error into the reported results. However, the calculations described above 

were repeated using monomer geometries that were corrected for the small, 

computationally derived changes upon complexation, but no appreciable changes in the 

intermolecular structural parameters were obtained. 
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Figure 2.3 Definition of Variables Used to Describe the Structure of TMAHCOOH 
Rcm was calculated using the parallel axis theorem and was 3.244064 Å for the parent 

isotopologue.  θHCOOH  and θTMA were obtained from distances derived from Kraitchman’s 
equations using data for the C7 and H1 substituted species (dashed lines). θHCOOH and θTMA were 

determined to be 104.7° and 23.7°, respectively. See text for discussion. 

 

Discussion 

As indicated by both experimental and theoretical results, TMAHCOOH is a hydrogen 

bonded complex in which the acidic proton of the HCOOH is directed toward the 

nitrogen lone pair of the TMA. The experimental, zero point averaged hydrogen bond 

length of 1.702 Å is 0.079 Å longer than the theoretical, equilibrium value of 1.623 Å. 

This difference is likely due to a combination of errors in the computational result, model 

errors in the experimental result, and the zero point extension of the hydrogen bond 

distance. The small difference aside, however, the hydrogen bond is rather short, 

consistent with the large calculated binding energy of 16.8 kcal/mol for the complex. The 

experimental and theoretical OHN hydrogen bond, 177.3 and 177.2, respectively, 

are in exceptionally good agreement. The near linearity of the hydrogen bond is further 

consistent with a strong interaction between the moieties. 
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The theoretical hydrogen bond length in TMAHCOOH is 0.108 Å shorter than that in 

H3NHCOOH, consistent with the result that its binding energy is 2.8 kcal/mol larger 

than that of the ammonia complex. The increased binding energy and shorter hydrogen 

bond length in TMAHCOOH are sensible in light of the greater basicity of TMA 

relative to that of ammonia.  

 

The experimentally determined nuclear quadrupole coupling constants are the 

components of the 
14

N quadrupole coupling tensor expressed in the inertial axis system of 

the complex. Since the symmetry axis of free TMA is not aligned with any of the inertial 

axes of TMAHCOOH, the observed values of aa and bb of the complex are determined 

not only by the electric field gradient at the nitrogen nucleus, but by the orientation of the 

TMA as well. However, due to the plane of symmetry of the complex, the c-component 

of its quadrupole coupling tensor, cc, is aligned with an axis perpendicular to the pseudo-

C3 axis of the TMA. Thus, to the extent that the electric field gradient at the nitrogen 

nucleus remains unchanged upon complexation, cc of the complex should equal  for 

free TMA, where the latter is the component of the quadrupole coupling tensor of free 

TMA perpendicular to its symmetry axis. A change in cc upon complexation, therefore, 

may be interpreted as reflecting a perturbation in the electronic environment at the 

nitrogen nucleus. Thus, a comparison of cc for the complex with the values of   for 

free TMA and TMAH
+
 provides some measure of the degree to which the systems lies 

between the limits of “no proton transfer” and “full proton transfer”. This idea has been 

previously exploited for complexes of HNO3, including TMAHNO3, 63F

64
 and is embodied 

in the definition of a proton transfer parameter 
B

PTQ  , defined in equation 3.   

 

    𝑄𝑃𝑇
𝐵 =

𝜒𝑐𝑐
𝑐𝑜𝑚𝑝𝑙𝑒𝑥

− 𝜒⊥
𝑇𝑀𝐴

𝜒⊥
𝑇𝑀𝐴𝐻+−𝜒⊥

𝑇𝑀𝐴 × 100%          (3) 

 

The superscript “B” in this equation is a reminder that this particular measure of proton 

transfer is derived from the base (TMA in this case), and 𝜒⊥
𝑇𝑀𝐴 represents the component 

of the quadrupole coupling tensor of the TMA monomer perpendicular to its symmetry 
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axis (2.7512 MHz). 64F

65
 





TMAH is the corresponding quantity for TMAH
+
. Domene et al. 

have calculated the axial component of the quadrupole coupling tensor of TMAH
+
 to be  

0.2644 MHz, 65F

66
 and thus  





TMAH  has an estimated value of 0.1322 MHz. Using the 

value of 𝜒𝑐𝑐
𝑐𝑜𝑚𝑝𝑙𝑒𝑥

 = 2.2715 MHz determined from aa and (bb  cc)66F

67
 (Table 2.1)  gives 

𝑄𝑃𝑇
𝐵  = 18%.  

 

The value of 𝑄𝑃𝑇
𝐵  for TMAHCOOH is compared in Figure 2.4 with values obtained 

from published data for other complexes of TMA. It is apparent that proton transfer in 

TMAHCOOH exceeds that in TMAH2O but is not as large as that in TMAHNO3. 

The degree of proton transfer in TMAHI is the largest among the complexes 

represented, consistent with the previous assessment that it is best regarded as a gas phase 

ion pair. 71F

68
 Overall, the values of 𝑄𝑃𝑇

𝐵  correlate with the degree of acidity of the binding 

partners, as measured by the proton affinities of their conjugate bases. Indeed, a plot of 

𝑄𝑃𝑇
𝐵  vs. the proton affinities (Figure 2.5) shows a smooth, albeit nonlinear trend, with the 

strongest acids (lowest conjugate base proton affinity) displaying the largest proton 

transfer parameter.  

 

Figure 2.5 suggests that proton affinity may be a useful parameter in estimating the 

degree of proton transfer in complexes that fall in a known series, but for which 

microwave spectra have not been observed. We emphasize, however, that “the degree of 

proton transfer” is defined only by the method used to measure it and, indeed, we have 

noted previously that proton transfer estimates in HNO3 complexes can differ by as much 

as a factor of two between those determined from hyperfine structure on the acid the base 

moieties. Specifically, in TMAHNO3,
64

 the values of the proton transfer parameter 

based on the HNO3 and TMA hyperfine structure are 62% and 31%, respectively. This 

difference is understood to arise from the differing sensitivity of the electric field gradient 

at the reporting nucleus to proton position at different points along the proton transfer 

coordinate. Thus, it is important that proton transfer parameters in a series of complexes 

only be compared between those determined from hyperfine structure arising from the 

same nucleus. 
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Figure 2.4 Comparison of Q
B

PT for TMAacid Complexes 

Values for TMA and TMAH
+
 define 0% and 100%  proton transfer, respectively. 

B

PTQ  values are 

taken or derived from data in reference  66 (HI), reference 64 (HNO3), this work (HCOOH), and 

reference 69 (H2O). 
 

 

 
 

 

 
Figure 2.5 Correlation Between the Proton Transfer Parameter and Proton Affinity 

Correlation between 𝑄𝑃𝑇
𝐵  of the TMAacid complex and the proton affinity (PA) of the acid’s 

conjugate base. From left to right, OH

, HCOO


, NO3


, and I


. Proton affinities are taken from 

reference 7070. 
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Finally, from the point of view of reducing the critical cluster size during nucleation, the 

degree of proton transfer may find its greatest importance in its contribution to the 

enhancement of the dipole moment of the complex. The contribution is not directly 

comparable from system to system, however, as the dipole moment of the complex 

depends strongly on the relative orientation of the monomers. Nonetheless, we can say 

that in the case of TMAHCOOH, the calculated dipole moment of the complex exceeds 

the sum of the monomer dipole moments by 0.71 D, representing a 33% increase in 

polarity upon complexation which may, indeed, be a contributing factor to a reduced 

“evaporation rate” and a smaller critical cluster size. We note, however, that previous 

calculations have indicated that a single water molecule is insufficient to stabilize the ion 

pair,
51

 and thus full realization of the role of charge separation may not occur before 

further growth of the cluster.  

 

Conclusion 

Microwave spectroscopy has been used to characterize the 1:1 complex formed from 

formic acid and trimethylamine. The acidic proton of the formic acid is directed toward 

the nitrogen lone pair in the complex, with a zero point averaged hydrogen bond length of 

1.702 Å. The counterpoise-corrected binding energy, determined at the M06-2X/6-

311++G(3df,3pd) level of theory, is 16.8 kcal/mol (17.4 kcal/mol without counterpoise 

correction) and the computed total dipole moment of the complex (2.883 D) is 33% 

larger than the sum of the computed dipole moments of HCOOH and TMA. Based on an 

analysis of the 
14

N hyperfine structure, the degree of proton transfer in the complex is 

~20%, and comparison with other acid  TMA complexes reveals a correlation with the 

proton affinity of the acid’s conjugate base. Such a correlation could, in principle, allow 

for an estimation of the degree of proton transfer in systems for which nuclear hyperfine 

structure has not been measured. The HCOOHTMA system is a simple prototype for 

larger amine  carboxylic complexes, which are under investigation elsewhere for their 

possible role in the nucleation of atmospheric aerosol. The significant degree of proton 

transfer and the concomitant increase in polarity should contribute to loss of volatility 

and hence an increase in co-nucleation rates. 
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Chapter 3 : The Formic Acid – Nitric Acid Complex: Microwave 

Spectrum, Structure, and Proton Transfer  
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Abstract 

Rotational spectra are reported for seven isotopologues of the complex HCOOHHNO3 

in a supersonic jet. The system is planar and bound by a pair of hydrogen bonds, much 

like the more widely studied carboxylic acid dimers. Double proton exchange 

interconverts the system between a pair of equivalent structures, as revealed by a splitting 

of the a-type spectrum that disappears when one of the hydrogen bonding protons is 

replaced by deuterium. The observation of relative intensities that are consistent with 

nuclear spin statistics in a symmetric and antisymmetric pair of tunneling states provides 

additional evidence for such a motion. The observed splittings in the pure rotational 

spectrum are one to two orders of magnitude smaller than those recently reported in the 

pure rotational spectra of several related carboxylic acid dimers. This is a curious 

difference, though we note that because the observed spectra do not cross the tunneling 

doublet, the splittings are a measure of the difference in effective rotational constants for 

the two states, not the tunneling frequency itself. The observed rotational constants have 

been used to determine an accurate vibrationally averaged structure for the complex. The 

two hydrogen bond lengths, 1.686(17) Å and 1.813(10) Å for the hydrogen bonds 

involving the HNO3 and HCOOH protons, respectively, differ by 0.127(27) Å. Likewise, 

the associated oxygen-oxygen distances determined for the parent species, 2.631 and 

2.794 Å, differ by 0.163 Å. These results suggest that the double proton transfer is 

necessarily accompanied by substantial motion of the heavy atom frame and thus this 

system, in principle, provides an excellent prototype for multidimensional tunneling 

processes. Ab initio calculations of the binding energy and the barrier height are 

presented. Excellent agreement between the calculated equilibrium structure and the 

experimental, vibrationally averaged structure suggests that the vibrational wavefunction 

is not highly delocalized in the region between the equivalent potential wells. 
14

N nuclear 

quadrupole hyperfine structure is interpreted in terms of the degree to which the HNO3 

releases its proton in either of the equivalent potential energy minima.  
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Introduction 

Proton transfer is among the most elementary chemical processes.
71,72

 It occurs in a wide 

range of systems, from simple aqueous acids to living cells,
73,74

 and serves as the basis 

for the well-known Brønsted – Lowry definition of acids and bases.
75,76

 While variations 

on the basic theme encompass topics such as proton-coupled electron transfer,
77,78

 excited 

state proton transfer,
79

 and “very strong” hydrogen bonds,
80

 the simplicity of the process 

has also made it an attractive subject for numerous theoretical investigations.
71-74 

 

An important facet of the proton transfer problem involves systems in which the 

exchange of a pair of protons is a viable process. Such reactions are not only theoretically 

interesting,
71,72

 but may be biologically important in processes such as the spontaneous 

development of point mutations in DNA 82F

81-
83F84F85 F

84
 and the tautomerization of porphyrins and 

related compounds. 86F

85-
87F88F

87
 Carboxylic acid dimers have long provided convenient 

prototypes for double proton transfer because they universally adopt a doubly hydrogen 

bonded geometry that is well configured to support a degenerate double proton transfer 

process. Specifically, as illustrated below, the exchange of protons a and b creates an 

identical configuration and gives rise to the possibility of tunneling through an energy 

barrier that separates the potential energy minima.  

 

Quantitative understanding of the tunneling frequency requires knowledge of the height 

of the barrier, the separation between potential minima, and the effective mass for the 

tunneling motion. Moreover, as such processes are often multidimensional, the 

identification of a suitable reaction coordinate is necessary (though not always obvious), 

and indeed there has been much work developing methods for treating the dynamics of 

multidimensional tunneling problems. 89F

88-
90 F

95
 The same is true, of course, in systems 

involving single intramolecular proton transfer such as malonaldehyde and tropolone, 97F

96
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but for double proton transfer, there is the additional question as to whether the exchange 

is simultaneous or sequential.
85-87,

98F

97-
9

100
 

Experimental work on carboxylic acid dimers dates back many decades 102F

101,
103F

102
 and 

includes numerous spectroscopic studies which are at somewhat low resolution by 

today’s standards. More recently, however, there has been a resurgence of interest in 

applying modern experimental and theoretical techniques to the study of these systems.  

Most closely related to the present work is a series of microwave spectroscopic studies 

that have determined structures and/or tunneling frequencies for complexes such as 

HCCCOOHHCOOH, 104F

103-
105F106 F

105
 C6H5COOHHCOOH, 107F

106
 CH3COOHHCOOH,108F

107
 

CF3COOHHCOOH, 109F

108
  CF3COOHCH3COOH,

108
 CF3COOHC3H5COOH,110F

109
 

CH2=CHCOOHCHF2COOH, 111F

110
 CH2=CHCOOHHCOOH, 112F

111
 and the polar conformer 

of (CH2=CHCOOH)2.113F

112
 Infrared spectroscopy114 F

113-
115F11

122
 has also provided valuable 

information and is particularly important for symmetric dimers that have no dipole 

moment and are therefore inaccessible to microwave investigations. Formic acid dimer, 

the simplest of carboxylic acid dimers, is especially noteworthy in this regard. Other 

experimental methods, including degenerate four-wave mixing 124 F

123,
125F

124
 and electron 

diffraction, 126F

125,
127F128F

127
 have also been applied. In parallel with these studies, theoretical work 

aimed at predicting and interpreting observed tunneling frequencies in both ground and 

vibrationally excited states has been reported. 129F

128-
138000F

137
  

In the carboxylic acid dimers, the two sites involved in hydrogen bonding are both 

COOH groups and thus the two hydrogen bonds across which tunneling takes place are 

typically very similar (if not identical).  In this work, we replace one of the carboxylic 

acids with HNO3. As indicated below, this substitution retains the symmetry necessary 

for double proton transfer 
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but due to the involvement of the highly acidic HNO3 proton, the hydrogen bond lengths 

and associated OO distances differ significantly. Double proton exchange is necessarily 

accompanied by reorientation of the monomer units themselves and this system, 

therefore, may ultimately provide some broadened insight into the role of heavy atom 

motion in the double proton transfer process. We present microwave spectra of seven 

isotopologues of HCOOHHNO3 from which we determine an accurate experimental 

structure for the system and, moreover, provide definitive evidence for the existence of 

double proton exchange.  Ab initio calculations of the binding energy and barrier to 

proton exchange are presented and the results are compared with those of similar studies 

for carboxylic acid dimers. Finally, a somewhat different aspect of the proton transfer 

problem is explored through interpretation of the observed 
14

N nuclear quadrupole 

coupling constants, which are used to assess the degree of “partial proton transfer” 

associated with the complex at either of its minimum energy configurations. 

Experimental Methods   

Rotational spectra of HCOOHHNO3 were recorded between 4.7 and 15.0 GHz using a 

pulsed-nozzle Fourier transform microwave spectrometer, details of which have been 

given elsewhere.
31,49

 140F  Nitric acid was introduced into the system by passing argon over a 

reservoir of 90% nitric acid, which was then expanded through a 0.8 mm diameter nozzle 

into the microwave cavity with a stagnation pressure of 1.3 atm.  Formic acid entrained in 

argon at a pressure of 0.7 atm was added through a continuous flow line, as previously 

described.
50,

141F

138
44

-141
The flow line terminated in an “injection needle” of inner diameter 

0.005", which was placed a few millimeters downstream of the nozzle orifice and bent so 

as to introduce the gas along the axis of the expansion. Optimal signals were obtained 

when the amount of water was limited; signals were significantly weakened when the 

concentrations of HNO3 and HCOOH were less than 80%. The nozzle was pulsed at a 

rate of 4 Hz and four free induction decay signals were collected per pulse with a data 

collection time of 140.8 μs. Transition frequencies were typically accurate to 3 kHz, 

except in cases of severely congested and/or very weak spectra, for which the 

uncertainties may be as high as 13 kHz.
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The rotational spectra of the isotopologues HCOOHH
15

NO3, HCOODH
15

NO3, 

HCOOHDNO3, DCOOHHNO3, HCOODHNO3, H
13

COOHHNO3 were collected 

using the same instrumental setup, with the exception that the sample reservoirs were 

smaller.  DCOOH, HCOOD and H
13

COOH were obtained from Sigma Aldrich.  H
15

NO3 

was prepared by reacting 5 g of Na
15

NO3 from Sigma Aldrich with 9 mL 96% H2SO4 

from Mallinckrodt.146F

142
 Approximately 2.8 g of pure H

15
NO3 were obtained at ~153 °C and 

680 mm Hg pressure over 3.5 hours.  DNO3 was prepared similarly from the reaction of 

NaNO3 with D2SO4.  

Microwave Spectrum 

Formic acid – nitric acid is a planar, near-prolate, asymmetric top bound by two hydrogen 

bonds. According to both chemical intuition and ab initio calculation (presented below), 

the complex has a large dipole moment component along the a-inertial axis, and a much 

smaller component along the b-inertial axis. Thus, only a-type rotational transitions were 

recorded for the seven isotopologues studied. For species with protons in both hydrogen 

bonds, a doubling of the spectrum was observed, indicating the existence of a pair of 

states which are labeled 0
+
 and 0


 in anticipation of their identification as a pair of 

tunneling states, as discussed below. These splittings were on the order of tens of kHz, 

rendering the components highly intertwined with the 
14

N nuclear hyperfine structure and 

therefore initially difficult to identify. However, analysis of the 
15

N isotopologue, in 

which the hyperfine structure is absent, provided a clear picture and led to eventual 

assignments. The appearance of the two, clearly resolved states in the 202  101 and 212 

 111 transitions of HCOOHH
15

NO3 is shown in Figure 3.1.  
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Figure 3.1 Cavity Spectrum of HCOOH-H
15

NO3  

The 202  101 and 212  111 transitions of HCOOHH
15

NO3 in the 0
+ 
and 0


 states.  The spectra 

illustrate the dependence of the relative intensities (1:3 or 3:1) for the two states on the parity of 

K1. Doppler doubling does not appear in these spectra. See text for discussion. 

 

Because the observed splittings were only tens of kHz, careful attention was paid to 

distinguishing them from the Doppler doubling that is often observed in cavity-type 

microwave spectrometers. Our instrument operates in a configuration in which the axis of 

the supersonic expansion is perpendicular to the cavity axis, and it is common to find that 

the appearance or non-appearance of Doppler doubling is dependent upon the 

longitudinal cavity mode chosen. This likely results from the details of the overlap 

between the particle density distribution of the supersonic jet and the nodal structure of 

the mode, which in turn selects whether molecules with zero or non-zero transverse 

velocity components access regions of peak power within the cavity. Our use of a 

hypodermic injection needle along the axis of the expansion may also contribute. For 

transitions in which Doppler doubling was suspected, it was observed that the average 

frequency of the presumed Doppler doublet components was equal to the frequency 
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measured using a mode in which the doubling did not appear. Moreover, the intensity 

ratio of Doppler doublet components was much closer to 1:1 than that of a pair of 0
+
 and 

0

 transitions, for which spin statistics dictate a 3:1 ratio. Indeed, the relative transition 

intensities for the 0
+
 and 0


 states alternated with the parity of K1, as expected for a pair 

of symmetric and antisymmetric tunneling states.  

The isotopic dependence of the doubling provides definitive evidence that the motion 

involves both of the hydrogen bonding protons: The doubling appears in isotopologues 

for which both hydrogen bonds contain 
1
H, but disappears when one is substituted with 

deuterium (i.e., it is present in HCOOHHNO3, HCOOHH
15

NO3, DCOOHHNO3, and 

H
13

COOHHNO3 but absent in HCOODH
15

NO3, HCOOHDNO3, and 

HCOODHNO3). As observed in several carboxylic acid dimers, such an asymmetric 

substitution lifts the degeneracy of the configurations connected by double proton 

transfer and quenches the tunneling between them. Thus, we conclude that double proton 

transfer occurs in the ground vibrational state of HCOOHHNO3. 147F

143
 

Assignment of the spectra to either the 0
+
 or 0


 states was based on the agreement 

between the observed relative intensities and those predicted to arise from nuclear spin 

statistics. As seen in Figure 3.1, we observe an exchange of state-intensities in the 0
+
 and 

0

  states with the parity of K1, a feature previously observed and described for several 

carboxylic acid dimers.
103,106

 Specifically, tunneling between the two equivalent forms of 

the complex, followed by rotation about the a-axis interchanges the protons, leading to a 

1:3 intensity ratio for the 0
+
 and 0


 state for transitions when K1 is even and a 3:1 

intensity ratio when K1 is odd, in accord with the assignments given in the figure. 
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Table 3.1 Observed Spectroscopic Constants for Isotopologues of HNO3HCOOH Without Substitution in the H-Bonds 

Isotope 
HCOOH-HNO3 

0
+
 State 

HCOOH-HNO3 

0
- 
 State 

HCOOH-H
15

NO3 

0
+
 State 

HCOOH-H
15

NO3 

0
-
 State 

H
13

COOH-

HNO3
a
 

DCOOH-

HNO3
b
 

A (MHz) 6175.920(98) 6175.264(49) 6174.767(54) 6174.877(44) 6172.66(15) 6167.29(57) 

B (MHz) 1368.84012(42) 1368.84027(74) 1360.43598(44) 1360.43597(59) 1347.9018(13) 1325.6573(34) 

C (MHz) 1121.83870(36) 1121.83199(60) 1116.17782(40) 1116.17187(44) 1107.6852(13) 1092.5301(41) 

ID (amu Å
2
) -0.541 -0.547 -0.553 -0.549 -0.563 -0.597 

14
N aa (MHz) -0.7885(15) -0.7872(22) - - -0.805(45) -0.777(25) 

14
N(bb-cc) (MHz) 0.513(11) 0.440(56) - - 0.54(25) 0.344(92) 

ΔJ (kHz) 0.3249(49) 0.2897(43) 0.2912(33) 0.2875(32) 0.255(13) 0.241(37) 

ΔJK (kHz) 0.820(87) 1.261(46) 1.260(54) 1.313(53) 0.820
c
 3.06(49) 

δJ (kHz) 0.0634(49) 0.0760(95) 0.0507(35) 0.0646(42) 0.098(15) 0.080(46) 

RMS (kHz) 2 2 2 2 4 14 

N 39 36 18 19 14 31 

(a) Transition frequencies for the 0
+
 and 0


 states were combined in a single fit. See text for discussion. 

(b) Transition frequencies for the 0
+
 and 0


 states of DCOOHHNO3 were fit together, due to spectral congestion arising from two 

quadrupolar nuclei and proton exchange doubling, which is not quenched by substitution on the formyl hydrogen. The sign of the residuals 

generally alternates with that of K1, supporting the existence of tunneling in the isotopologue.  

(c) Value was fixed to that of the 0
+
 state of HCOOHHNO3 because only K1=0 and 1 transitions were used in the fit. 
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Table 3.2 Observed Spectroscopic Constants for Isotopologues of HNO3HCOOH 

with Substitution in the H-Bonds 

Isotopologue HCOOD-H
15

NO3 HCOOD-HNO3 HCOOH-DNO3 

A (MHz) 6077.493(27) 6077.329(99) 6094.98(10) 

B (MHz) 1355.55430(19) 1364.00473(81) 1365.3094(11) 

C (MHz) 1109.69374(17) 1115.3578(10) 1116.7928(11) 

ID (amu Å
2
) -0.555 -0.560 -0.547 

14
N aa (MHz) - -0.811(17) -0.843(11) 

14
N (bb-cc ) (MHz) - 0.460(52) 0.16(14) 

HCOOD aa (MHz)
a
 0.2139(14) 0.255(26) - 

DNO3 aa (MHz)
a
 - - 0.1280(73) 

ΔJ (kHz) 0.2845(17) 0.2543(85) 0.2637(99) 

ΔJK (kHz) 1.260
b
 1.51(13) 1.286(94) 

δJ (kHz) 0.0508(17) 0.0656(97) 0.040(14) 

RMS (kHz) 1 5 4 

N 26 44 37 

(a)  (bb-cc) was not necessary to fit the deuterium hyperfine structure.   

(b) Value fixed to the HCOOHH
15

NO3 value because only K1 = 0 and 1 transitions were 
used in the fit. 

Spectra for each isotopologue studied were fit using the A-reduced Watson 

Hamiltonian148F

34 
(equation 1) and the SPFIT program of Pickett. 149F

144
  

𝑯 = [
𝐵 + 𝐶

2
− ∆𝐽𝑱2] 𝑱2 + [𝐴 −

𝐵 + 𝐶

2
− ∆𝐽𝐾𝑱2 − ∆𝐾𝑱𝑧

𝟐] 𝑱𝑧
𝟐

+                                            (𝟏) 

               [
𝐵−𝐶

2
− 2𝛿𝐽𝑱2] (𝑱𝑥

2 − 𝑱𝑦
2) − 𝛿𝐾[𝑱𝑧

𝟐(𝑱𝑥
2 − 𝑱𝑦

2) + (𝑱𝑥
2 + 𝑱𝑦

2)𝑱𝑧
𝟐]      

          

Here, A, B, and C are rotational constants, the upper and lower case deltas are quartic 

centrifugal distortion constants, and the Js are angular momentum operators.  The 

constants ΔJ, ΔJK, and δJ were needed to fit the data within experimental uncertainty, but 

ΔK and δK were not determined and were, therefore, effectively set to zero. For 

isotopologues where only K1 = 0 and 1 transitions were observed, ΔJK was locked to the 

value of the most closely related isotopologue for which it was experimentally 
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determined. For HCOOHHNO3 and HCOOHH
15

NO3, which exhibited a pair of states, 

separate fits were performed for each state. For H
13

COOHHNO3, only K1 = 0 and 1 

transitions were observed and, in many cases, only the more intense of the two states was 

observable due to a reduced signal-to-noise ratio. Since the intensity alternates with the 

sign of 1)1( 
K , separate fits would, therefore, have had to include only K1 = 0 or only 

K1 = 1 transitions. For this reason, and since the rotational constants for the two states 

are so similar, we opted to combine the K1 = 0 and 1 data into a single fit, resulting in 

standard errors in the rotational constants that were slightly larger than those of the parent 

or 
15

N isotopologues, though still quite acceptable. Likewise, for the DCOOHHNO3 

complex, the spectral congestion due to tunneling and hyperfine structure from both the 

14
N and deuterium nuclei precluded definitive tunneling state assignments and a single fit 

was, therefore, also performed. Spectroscopic constants are presented in Tables 3.1 and 

3.2, and complete lists of transition frequencies, assignments, and residuals are provided 

in Appendix C.  

Nuclear electric quadrupole hyperfine structure was observed for isotopologues 

containing 
14

N or deuterium and was analyzed using standard methods.
34

  For species 

with only one quadrupolar nucleus (
14

N or D), the coupling scheme 

F = J + I            (2) 

was used, where I is the nuclear spin and F is the total angular momentum. For species 

with two quadrupolar nuclei (viz., 
14

N and D), a sequential coupling scheme was 

implemented: 

F1 = J + IN             (3) 

     F = F1 + ID            (4) 

where IN = ID = 1 and F is the total angular momentum. The hyperfine constants χaa and 

(χbbχcc) for the 
14

N nucleus were obtained for 
14

N–containing species. However, for 

deuterated isotopologues in which hyperfine structure was resolved and analyzed, only 
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χaa was determinable from the data. Hyperfine constants are included in Tables 3.1 and 

3.2. Deuterium hyperfine structure was not assigned for DCOOHHNO3
 
because, unlike 

the other deuterated isotopologues studied, this species retained the spectral doubling 

observed for the parent form, and, as noted above, the convolution of the 0
+
 and 0


 states 

spectra with hyperfine structure from two nuclei made the spectra too dense and complex 

to assign.  

Double proton transfer in HCOOHHNO3 inverts the b-component of the dipole moment 

but leaves the a-component unchanged. Thus, it is expected that b-type transitions will 

cross the tunneling doublet, 150F

145
 while a-type transitions will not. As a result, the doubling 

observed in the a-type spectrum reflects slight differences in the rotational constants 

between the two tunneling states, but does not provide a direct measure of the tunneling 

splitting itself. The value of (b/a)
2
 obtained from ab initio calculations is 0.0061(see 

next section) and thus, it was anticipated that the b-type spectrum would be unobservable, 

given the signal-to-noise ratio typical of the a-type spectrum.  Moreover, for the H/H 

species, these transitions will be shifted from the rigid rotor predictions by an unknown 

amount due to the tunneling frequency. Nevertheless, once the fits of the a-type spectra 

were complete, attempts were made to observe b-type transitions. In order to eliminate 

the uncertainty associated with the tunneling frequency, narrow searches were conducted 

at the predicted frequencies for several b-type lines of HCOODH
15

NO3, for which the 

tunneling is absent. As expected, due to the small value of b, no spectra were observed 

and thus searches for analogous lines of the parent complex were not pursued. 

An indirect method of estimating the tunneling splitting from spectra that do not cross the 

tunneling doublet has been successful in a number of cases.
106,107

 This method relies on 

analysis of perturbations in the pure rotational spectra that arise from Coriolis interactions 

between the tunneling states to estimate the energy spacing. However, in 

HCOOHHNO3, the observed splittings are very small and the spectra observed for each 

state were well fit to a Watson Hamiltonian without the inclusion of a Coriolis 

perturbation term. For this reason, it was anticipated that a simultaneous fit of the two 

tunneling states would yield no new information. Indeed, attempts to obtain a 
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simultaneous fit of the 0
+
 and 0


 state spectra of the parent species using a Coriolis 

perturbation term (Fab) and energy difference between tunneling states (ΔE01) proved 

these quantities to be indeterminate. Thus, while the doubling of the a-type spectra 

confirms the existence of a double proton transfer process, the small value of b and the 

absence of observable Coriolis perturbations has precluded a measurement of the 

tunneling splitting itself. 

Computational Methods and Results   

MP2/6-311G(2d,2p) calculations were used to determine the minimum energy structure 

and dipole moment components of the complex. Several basis sets were tried, including 

the larger 6-311++G(2df,2p) basis, but 6-311G(2d,2p) calculations produced rotational 

constants in closest agreement with experiment and are therefore the ones quoted here. 

Frequency calculations were performed to confirm that the structure was a minimum on 

the potential energy surface. The results of these calculations are presented in Table 3.3, 

where the atom numbering corresponds to that presented in Figure 3.2a. The calculated 

dipole moment components of the complex are 2.69, 0.21, and 0.0 D, for µa, µb, and µc, 

respectively, and the counterpoise corrected (CPC)
52

 binding energy is 12.3 kcal/mol 

(16.2 kcal/mol without the counterpoise correction). The structural changes in the 

monomer units upon complexation were also estimated by optimizing the monomer 

structures and comparing the results with the internal structural parameters obtained for 

the complex (both with and without the counterpoise correction). Changes in bond 

lengths and bond angles were small, typically only a few hundredths of an angstrom or a 

few degrees for bond lengths and bond angles, respectively. These results are also 

provided as Supporting Information. The energy and geometry of the transition state 

associated with double exchange of the protons were calculated at the 

MP2/6-311G(2d,2p) level, with the results that the barrier to double proton transfer is 9.9 

kcal/mol above the potential energy minimum. Structural parameters for the transition 

state, also obtained at the MP2/6-311G(2d,2p) level/basis are included in Table 3.3 and 

illustrated in Figure 3.2b. 
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A separate series of calculations on a number of related carboxylic acid dimers was also 

performed in order to make meaningful comparisons with HCOOHHNO3. The results of 

these calculations, done at the MP2/6-31++G(d,p) level/basis, are presented Table 3.4. 

Although calculations for all of the carboxylic acid dimers included have been reported in 

the literature, the basis sets and level of theory have varied, making comparison difficult. 

The results in Table 3.4 are generally in line with those reported elsewhere, but the 

consistency in level of theory enables direct comparison.  

 

Table 3.3 Selected Ab Initio Structural Parameters for HCOOHHNO3 

 

 

Equilibrium Structure 

MP2/6-311G(2d,2p) 

Equilibrium Structure 

CP-MP2/6-311G(2d,2p)
a 

Transition State 

MP2/6-311G(2d,2p) 

R(O5-O6) 2.6671 2.7325 2.4119 

R(O3-O9) 2.7776 2.8627 2.4119 

R(O5-H8) 1.6827 1.7531 1.1291 

R(O9-H4) 1.8002 1.8903 1.2871 

R(C1-N7) 3.9461 4.0218 3.6218 

<(O5-H8-O6) 170.3 170.5 173.1 

<(O3-H4-O9) 176.3 174.6 173.1 

<(C1-O5-O6) 128.3 129.8 115.7 

<(O5-O6-N7) 112.1 111.3 120.0 

(a) Bond lengths are in angstroms. Bond angles are in degrees. Atom numbering corresponds to 

that in Figure 3.2. “CP” indicates “counterpoise corrected”. 
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Table 3.4 Comparison Between HCOOHHNO3 and Several Carboxylic Acid Dimers 

Complex 

Binding 

Energy 

(kcal/mol) 

Barrier 

Height 

(kcal/mol) 

O-O Distances at 

Minimum Energy 

Structure (Å) 

O-O Distances at 

Transition State 

Structure (Å) 

H-Bond Lengths 

at Minimum 

Energy 

Structure (Å) 

H-Bond Lengths 

at Transition 

State 

Structure (Å) 

Formic 

Formic 
17.0(14.5) 7.9 2.787/2.787 2.412/2.412 1.797/1.797 1.206/1.206 

Formic 

Propiolic 
17.2(14.6) 7.7 2.772/2.786 2.412/2.412 1.797/1.780 1.220/1.192 

Formic 

Benzoic 
18.2(15.4) 7.0 2.742/2.785 2.411/2.411 1.795/1.748 1.233/1.179 

Acrylic 

Acrylic 
18.8(15.8) 6.9 2.756/2.749 2.409/2.405 1.763/1.757 1.205/1.203 

Nitric 

Formic 
14.3(11.8) 9.2 2.753/2.946 2.427/2.427 1.975/1.763 1.312/1.119 

All calculations were done at the MP2/6-31++G(d,p) level/basis. Numbers in parentheses and the structural parameters for the minimum energy 

structures are counterpoise corrected.  Binding energies are “De”, not Do.
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Figure 3.2 Equilibrium and Transition State Structures of HCOOH-HNO3 

(a) The HCOOHHNO3 complex with important intermolecular structural parameters indicated. 
Numbers not in parentheses are experimental values for the ground vibrational state. Numbers in 
parentheses are theoretical values calculated at MP2/6-311g(2d,2p) level without counterpoise 

correction. (b) Calculated structure of the transitions state, obtained at the MP2/6-311G(2d,2p) 

level/basis. The atom numbers (not labeled) are the same as in (a). All distances are in Å. All 

angles are in degrees. 
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Structure Analysis 

The rotational constants in Tables 3.1 and 3.2 may be used to determine the inertial 

defect, ID, of the complex, defined by
34

 

        Δ𝐼𝐷 ≡
ℎ

8𝜋2
(

1

𝐶
−

1

𝐴
−

1

𝐵
) = −2 ∑ 𝑚𝑖𝑐𝑖

2

𝑖

                                         (5) 

The values obtained are also listed in the tables. The small, negative values (e.g., 0.547 

amu Å
2
 for the parent species) are consistent with a planar system, in agreement with ab 

initio calculations. Thus, in all subsequent analysis, the complex is assumed to be planar.   

The structure of the complex was determined using previously published 152F

146
 analytical 

expressions for the components of the inertial tensor in terms of the moments of inertia of 

the monomers, their orientation, and their center-of-mass separation, Rcm.  This type of 

analysis, while common for linear and symmetric top complexes, has been less widely 

used for systems containing a pair of asymmetric rotors, and it is therefore useful to 

outline the procedure here. An important advantage of such an analysis is that angular 

information from nuclear hyperfine structure is readily incorporated. We initially invoke 

the usual approximation that the monomer geometries are unchanged upon complexation, 

though the effects of this constraint will be tested and incorporated into the final results.  

The components of the inertial tensor of the complex are given in an (X,Y,Z) axis system 

(shown in Figure 3.3a), for which the origin lies at the center of mass of the complex. In 

the most general formulation, the a, b, and c axes of each monomer are initially aligned 

along Z, X, Y, respectively, and three rotations orient each monomer within in the 

complex. Since HCOOHHNO3 is planar, however, only a single angle is required for 

each monomer. This angle is designated i, (where i =1 and i = 2 refer to HNO3 and 

HCOOH, respectively) and is the angle formed between the a-axis of monomer i and Z 

(see Figure 3.3a). i is defined to be positive when the a-axis of monomer i is rotated 

counterclockwise with respect to Z. The non-zero elements of the inertial tensor of the 

complex in the (X,Y,Z) axis system reduce to
146
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          (6) 

         (7) 

            (8) 

          (9) 

Here,  = m(HNO3)m(HCOOH)/[m(HNO3)+m(HCOOH)] is the pseudo diatomic 

reduced mass of the complex and  is the moment of inertia of monomer i about its g-

inertial axis. 

The coordinates of each atom in the complex in the (X,Y,Z) frame are given by
146

 

           (10) 

              (11) 

          (12) 

where (ai,bi,ci) are the coordinates of the i
th
 atom in the inertial axis system of it monomer 

and i = 1 or 2, depending on whether the atom is in HNO3 or HCOOH. R1 and R2 are the 

distances between the center of mass of the complex and the centers of mass of HNO3 

and HCOOH, respectively, and are defined as positive quantities.  

The moments of inertia of HNO3 153F

147
  and HCOOH

59-61
 were obtained from the literature 

rotational constants, e.g., Iaa = h/82
A, etc. Since Icc of the complex is independent of the 

angular orientation of the monomers, Rcm was first determined for each isotopologue 

studied by determining the value that reproduced the C rotational constant. For species in 
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which two states were observed, the ground state rotational constants were used. The 

resulting values are listed in Table 3.5.  

The value of 1 was next estimated from the 
14

N nuclear hyperfine structure. Invoking the 

usual assumption that the HNO3 is negligibly perturbed by a weak intermolecular 

interaction, the observed value of aa for each isotopologue was used to estimate the 

angle, , formed between the principal axis system of the HNO3 quadrupole coupling 

tensor and the inertial axis system of the complex, viz., 

         (13) 

Here, xx = 1.1468(34) MHz and yy = 1.0675(34) MHz, are eigenvalues corresponding 

to the in-plane eigenvectors of the HNO3 quadrupole coupling tensor, with the x-axis 

most closely aligned with the NO(H) bond. 156F

148,
157F

149
 Using the value of aa listed in Table 

3.1 for the parent form of the HCOOHHNO3 gives a value of  which was 

also used for isotopologues involving H
15

NO3. For complexes containing DNO3, the 

value of was obtained from aa(
14

N) of DNO3HCOOH.  

The angle  does not exactly equal 1 because the principal axis system of the quadrupole 

coupling tensor of HNO3 does not coincide with its inertial axis system and because the Z 

axis does not exactly coincide with the a-axis of the complex. The relationship between 

these angles is indicated in Figure 3.3b.   is the angle between the principal axis system 

of the 
14

N quadrupole coupling tensor and the N-O(H) bond, and has previously been 

determined to be 1.88°.
148

  is the angle between the a-axis of HNO3 and the N-O(H) 

bond, and can be obtained for any isotopologue of nitric acid from the published 

structure.
147

  is the angle between the Z-axis as defined in Figure 3.3 and the a-axis of 

the complex. From the diagram, it is clear that  

    1 =                   (14) 

 22 sincos yyxxaa 
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thus allowing 1 to be determined from the observed value of . Although it is not known 

a priori whether the a-axis of the complex is rotated clockwise or counterclockwise with 

respect to Z, the clockwise rotation shown in Figure 3.3b turns out to be correct. Strictly 

speaking,  must be determined iteratively, since it depends on the structure of the 

complex which, in turn depends on 1 and 2. However,  is small and its variation 

among isotopologues is even smaller. For the parent species, one iteration yielded a value 

of  = 0.89 and this was used for all isotopic species studied. The actual values obtained 

from the final structures of each isotopologue are also included in Table 3.5, where it is 

seen that the variation is negligible. 

With Rcm and 1 determined, the value of  was adjusted to reproduce either the value of 

A or the value of B. The two results generally agreed to within ~4, and the average value 

was used. The results for each isotopologue are also reported in Table 3.5. 

Once Rcm, 1, and 2 were determined, the coordinates of each atom in the (X,Y,Z) axis 

system were obtained from equations 10 - 12, and values of all intermolecular distances 

and angles were readily determined. Note that these calculations require the coordinates 

of each atom in the inertial axis system of its monomer, which were obtained from 

published structures.
 59,61,147

 The entire analysis was performed for each iosotopolgue and 

the results are summarized in Table 3.5. The consistency among isotopologues is seen to 

be excellent and the average of the maximum and minimum values obtained for R(H8-

O5), R(O9-H4,), (O5-H8-O6), and (O3-H4-O9) (i.e., the hydrogen bond lengths and 

angles) are given, with uncertainties chosen to include all values.  
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Figure 3.3 Definitions of Structural Parameters for HCOOH-HNO3
 

(a) Definition of angles to define the structure of HCOOHHNO3. (b) Relationship between 
additional angles used in equation 14. 

 

The final, recommended structural parameters were determined as follows: Because 

equations 6 – 9 use the moments of inertia of the free monomers to compute the moments 

and products of inertia of the complex, they are subject to errors resulting from slight 

changes in monomer geometries upon complexation. To estimate the magnitude of this 

effect, the structural analysis was repeated for HCOOHH
14

NO3 using monomer 

moments of inertia which were calculated by imposing the ab initio changes158F

150
 in 

structure upon complexation on the experimental monomer geometries. The resulting 

changes in R(H8-O5), R(O9-H4,), (O5-H8-O6), and (O3-H4-O9)  were small, 
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typically on the order of the error bar derived from variations among isotopologues. 

Thus, the isotopic average values for these quantities obtained as described above, were 

corrected by adding the calculated change resulting from the theoretical changes in 

monomer geometries for the parent species. These values are listed in Table 3.5 under 

“Preferred Values” and are also included in Figure 3.2a, along with the corresponding ab 

initio values in parentheses. 

As a check on the structure, the program STRFIT 159F

151
 was also used to determine the 

intermolecular distances and angles. Bond lengths and bond angles of the monomers 

were constrained to their free-molecule values, given in the literature for HNO3
147

 and 

HCOOH.
59,61

  In pursuing this approach, it soon became apparent that the results were 

sensitive to the starting values of the fitted parameters, particularly R(O5-O6), which was 

used in these calculations as one of the defining structural parameters. With a large (yet 

reasonable) initial estimate of this distance, the fit converged to a structure in which 

R(H8O5) = 2.034 Å and R(O9H4) = 1.716 Å. While the standard errors and correlation 

coefficients suggested a high quality fit, this structure is in poor agreement with both the 

ab initio structure and the structure described above. Moreover, the structure 

corresponded to an angle  in rather poor agreement with the value of 69.2° 

obtained above from nuclear hyperfine structure.  With a shorter initial guess for R(O5-

O6), however, the structure listed in Table 3.5 under “STRFIT” was obtained. While the 

standard errors and correlation coefficients from this fit were somewhat larger than those 

of the earlier fit, this structure gave a value of  a value within 2° of that derived 

from hyperfine structure. This structure is also in agreement with the results obtained by 

other methods (e.g., equations 6-14 and ab initio computation) and we believe it to 

correspond to the true global minimum on the least squares surface. 160F

152
 Interestingly, in an 

attempt to resolve this issue, a third fit was tried in which the monomer structures were 

adjusted based on the predicted structural changes from ab initio calculations. When this 

was done, no fit corresponding to the previously observed local-minimum could be 

obtained, regardless of the starting values and the results were similar to those reported in 

Table 3.5.  
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Table 3.5 Experimental Structural Parameters for Isotopologues of HNO3HCOOH
(a)

 

Complex Rcm
(b)

 (c)
 (d)

 1
(e)

 2
(e)

 R(H8-O5) R(O9-H4) <(O5-H8-O6) <(O3-H4-O9) 

HNO3-HCOOH 3.475976 15.13 0.89 51.31 -80.40 1.6527 1.8523 166.8 172.9 

H
15

NO3-HCOOH 3.476787 15.09 0.67 51.37 -80.42 1.6531 1.8516 166.9 172.9 

H
15

NO3-HCOOD 3.457604 15.09 0.71 51.37 -81.77 1.6464 1.8586 166.1 173.1 

HNO3-HCOOD 3.456808 15.13 0.74 52.23 -81.54 1.6572 1.8483 167.8 172.4 

HNO3-H
13

COOH 3.484357 15.13 0.67 52.02 -80.34 1.6622 1.8435 168.3 172.3 

DNO3-HCOOH 3.459116 23.26 0.67 45.24 -79.64 1.6795 1.8384 170.3 171.4 

HNO3-DCOOH 3.506919 15.13 0.75 50.90 -80.60 1.6455 1.8585 166.3 172.9 

Average of Maximum and Minimum Values
f
 1.663(17) 1.849(10) 168.2(21) 172.25(85) 

Value from STRFIT 1.67 1.84 170.1 171.2 

Preferred Values
(g)

 1.686(17) 1.813(10) 173.4(21) 173.29(85) 

Ab initio Value
(h)

 1.6827 1.8002 170.3 176.3 

(a) Bond lengths are in angstroms. Bond angles are in degrees. 

(b) Determined for each isotopologue from the C rotational constant. 

(c) Determined from the structure of HNO3 reported in Ref. 147. 

(d) The value of  = 0.89 was used for all calculations. The final value of  is what is listed for each isotopologue. The variation is sufficiently 
small as to not warrant further iteration. 

(e) The negative sign indicates clockwise rotation of the a-axis of formic acid with respect to Z. See Figure 3.3a. 

(f) Uncertainty chosen to encompass maximum and minimum values. 

(g) Values incorporate calculated changes in monomer geometries upon complexation. See text for discussion. 
(h) Obtained at the MP2/6-311G(2d,2p) level/basis.
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Discussion 

The structure of HCOOHHNO3, as determined from both experimental rotational 

constants and ab initio calculation indicates the expected cyclic, doubly hydrogen bonded 

geometry, analogous to that of virtually all previously studied carboxylic acid dimers. 

The agreement between the experimental and theoretical intermolecular distances and 

angles is excellent and provides a solid measure of confidence in the reported structure.  

Moreover, as anticipated at the outset of this investigation, the hydrogen bond lengths 

and OO distances associated with the two hydrogen bonds are significantly different. 

For example, in the “preferred” structure of Table 3.5, the hydrogen bond length 

associated with the proton of the HNO3 is 0.127(27) Å shorter than that associated with 

the carboxylic proton of the HCOOH. It seems sensible that the shorter hydrogen bond is 

that involving the stronger acid as the proton donor. The corresponding OO distances 

also follow this trend, with the heavy atom distance in the shorter hydrogen bond 0.163 Å 

shorter than that in the longer hydrogen bond. 161F

153
  

With a sizable difference between the two hydrogen bonds, significant structural 

reorganization is necessary to interconvert equivalent forms, and it is thus reasonable to 

ask to what extent proton exchange is an important process in this system. The primary 

physical manifestation of such a process is the existence of a pair of tunneling states, 

whose origin lies in the splitting of the degenerate states corresponding to equivalent 

configurations when the barrier to proton transfer is finite. As argued above, such a pair 

of states exists in this system, and isotopic substitution experiments indicate that the 

underlying process is indeed double proton transfer. The ability to observe both states at 

the low temperature of the supersonic jet (for which kT is approximately 1 – 2 cm
1

) 

strongly suggests that the spacing is small. Additionally, we note that the excellent 

agreement between the experimentally derived average structure and the computationally 

determined equilibrium structure further support a picture in which the vibrational 

wavefunction is largely localized in one or the other of two potential wells, with little 

amplitude in the classically forbidden region. If the energies of the 0
+
 and 0


 states were 

above the barrier, the additional delocalization might be expected to render the average 
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hydrogen bond lengths significantly different from those at either of the equilibrium 

geometries. 

The spectral splittings observed in the a-type spectrum of HCOOHHNO3 are small in 

comparison with those previously reported in high resolution studies of carboxylic acid 

dimers. For example, the splittings in the 505  606 transitions, calculated from published 

rotational constants for the 0
+
 and 0


 states of (HCOOH)2, HCCCCOOHHCOOH, 

C6H5COOHHCOOH, and (CH2CHCOOH)2 162F

154
 are 41 MHz, 2.43 MHz, 0.987 MHz, and 

2.182 MHz, respectively. These values may be compared with that of only 0.033 MHz 

observed for HCOOHH
15

NO3. Note that since these splittings generally increase with J, 

the 505  606 transition has been arbitrarily chosen for this comparison, but the same 

conclusion is reached when comparing other rotational transitions as well. As indicated 

above, these splittings reflect small differences in the effective rotational constants for the 

two tunneling states but do not provide a measure of the tunneling splitting. It is likely 

that the usual factors that play into determining the tunneling splitting itself (e.g., barrier 

height, separation between minima, tunneling path), combined with slight differences in 

vibrational averaging between the 0
+
 and 0


 states and the possibility of small Coriolis 

interactions, conspire to produce these differences in a way that is very difficult to 

predict.  

It is also of interest to compare a number of calculated properties of HCOOHHNO3 with 

those of several related carboxylic acid dimers. Referring to Table 3.4, it is seen that the 

calculated barrier height for the proton transfer (9.2 kcal/mol) is about 1  2 kcal/mol 

higher than those of the carboxylic acid dimers, which fall fairly consistently in the 7 – 8 

kcal/mol range. Moreover, while the barrier in HCOOHHNO3 is larger, the binding 

energy is seen to be 3   4 kcal/mole smaller than that of several related carboxylic acid 

dimers (regardless of whether or not the counterpoise correction is applied). The smaller 

binding energy may be the result of geometrical constraints that preclude the two 

dissimilar hydrogen bonds from simultaneously acquiring their optimum geometry. 
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The most striking difference between HCOOHHNO3 and the carboxylic acid dimers is 

the value of R(O3-O9) at the minimum energy structure, which is seen to be substantially 

longer than all the other oxygenoxygen distances listed.  Interestingly, the value of this 

distance does not stand out among the complexes listed at the transition state structure. 

This indicates that, while the change in R(O5-O6) between the minimum energy structure 

and the transition state for HCOOHHNO3 is similar to that in the carboxylic acid 

dimers, R(O3-O9) must change by a much larger amount to reach the transition state. 

Note that we state this as an observation about the potential energy surface, though it is 

by no means clear that the optimum tunneling path passes through the saddle point 

geometry.  

Finally, the 
14

N nuclear quadrupole coupling constant can be used to roughly assess the 

degree of proton transfer in this system. As we have argued previously
30,64 

to the extent 

that the electronic structure of the HNO3 is unperturbed upon formation of a planar 

complex, the c-component of the 
14

N nuclear quadrupole coupling tensor, cc, should be 

equal to that for free HNO3 (since the complex is planar). The extent to which it does not 

may be used as a measure of the degree to which the acid has released its proton. Thus, 

comparison of cc of the complex with known values for free HNO3 and aqueous NO3

 

motivates the definition of a parameter,
64 A

PT
Q , which specifies where the system lies 

between the limits of no proton release and full proton release: 

%100

33

3
xQ

HNO
cc

NO
cc

HNO
cc

complex
ccA

PT











         (15) 

Using the value of cc = (½)[aa + (bbcc)] = 0.138 MHz for the 0
+
 state of 

HCOOHH
14

NO3,  and the values of cc =  0.0773(51) MHz
148

 for free HNO3 and 

0.656(5) MHz165F

155
 for aqueous NO3


 yields the value 

A
PT

Q  = 29%. This result is similar to 

the 31% value determined for HNO3(H2O)2.
64,

166F

156
 Note that this parameter addresses a 

distinctly different aspect of the proton transfer problem than does the observation of 
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spectral splitting due to proton exchange: 
A

PTQ  is a static quantity that arises from the 

change in electronic structure of the HNO3 within the complex. The dynamical aspect of 

the problem, as revealed through manifestations of proton tunneling is related to the 

frequency with which the system converts between two equivalent, static structures, each 

of which has a value of cc reflective of the degree of proton release.  

Conclusion 

The complex HNO3HCOOH has been studied by microwave spectroscopy and ab initio 

calculations. The system has a structure similar to that well known for carboxylic acid 

dimers, namely a cyclic, double hydrogen bonded geometry. The hydrogen bond lengths 

are 1.686(17) Å and 1.813(10) Å for the hydrogen bonds involving the HNO3 and 

HCOOH protons, respectively, and the corresponding OO separations
153

 are 2.631 Å 

and 2.794 Å. These results indicate that substantial structural reorganization is necessary 

to accomplish the interconversion between equivalent structures. Nevertheless, a 

doubling is observed in the a-type spectrum of the complex and is attributed to a double 

proton transfer process on the basis of (i) its disappearance upon deuteration in one of the 

hydrogen bonds and (ii) relative intensities which are in accord with expectations based 

on nuclear spin statistics for a pair of tunneling states. The observed splitting (which is 

not the tunneling splitting) is unusually small compared with that reported in a number of 

high resolution studies of carboxylic acid dimers but is, itself, difficult to interpret. The 

calculated binding energy of the complex, (14.3 and 11.8 kcal/mol with and without 

counterpoise correction, respectively) is 3 – 4 kcal/mol smaller than that of several 

recently studied carboxylic acid dimers, and the barrier to proton transfer (potential 

energy minimum to transition state)  is  12 kcal/mol larger. Structures at the potential 

energy minimum and at the transition state suggest that significant heavy atom motion is 

necessary to accomplish double proton transfer. An observation of the b-type rotational 

spectrum of the complex would be of great interest, but has not yet been possible for this 

system due to a rather small value of b. 
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Chapter 4 : Intramolecular Competition Between n-Pair and -Pair 

Hydrogen Bonding: Microwave Spectrum and Internal Dynamics of the 

Pyridine – Acetylene Hydrogen-Bonded Complex 
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Abstract 

a-type rotational spectra of the hydrogen-bonded complex formed from pyridine and 

acetylene are reported. Rotational and 
14

N hyperfine constants indicate that the complex 

is planar with an acetylenic hydrogen directed toward the nitrogen. However, unlike the 

complexes of pyridine with HCl and HBr, the acetylene moiety in HCCHNC5H5 does 

not lie along the symmetry axis of the nitrogen lone pair, but rather, forms an average 

angle of 46° with the C2 axis of the pyridine. The a-type spectra of HCCHNC5H5, and 

DCCDNC5H5 are doubled, suggesting the existence of a low lying pair of tunneling 

states. This doubling persists in the spectra of HCCDNC5H5, DCCHNC5H5, indicating 

that the underlying motion does not involve interchange of the two hydrogens of the 

acetylene. Single 
13

C substitution in either the ortho or meta positions of the pyridine 

eliminates the doubling and gives rise to separate sets of spectra that are well predicted 

by a bent geometry with the 
13

C on either the same side (“inner”) or the opposite side 

(“outer”) as the acetylene. High level ab initio calculations are presented which indicate a 

binding energy of 1.2 kcal/mol and a potential energy barrier of 44 cm
1

 in the C2v 

configuration. Taken together, these results reveal a complex with a bent hydrogen bond 

and large amplitude rocking of the acetylene moiety. It is likely that the bent equilibrium 

structure arises from a competition between a weak hydrogen bond to the nitrogen (an n-

pair hydrogen bond) and a secondary interaction between the ortho hydrogens of the 

pyridine and the  electron density of the acetylene. 
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Introduction 

In this article, we report an investigation of eight isotopologues of the hydrogen-bonded 

complex formed by pyridine (py) and acetylene. Pyridine forms strong hydrogen bonds 

with HCl and HBr,
157-159 

with the HX molecule lying along its C2 axis in the lowest 

energy equilibrium conformation. The motivation for the present work was to discover 

what happens to the geometry of the complex when HCl and HBr are replaced by a much 

weaker H-bond donor molecule such as acetylene. 

This study follows an extensive, systematic series of microwave spectroscopic 

investigations of hydrogen-bonded complexes of the type BHX, where B is one of a 

number of simple Lewis bases and X = F, Cl, Br or I. An important result from that work 

is a set of rules
160,161

 for predicting the angular geometries of such systems. In summary, 

it was shown that in the equilibrium geometry, the HX subunit lies along the symmetry 

axis of either a non-bonding electron (n) pair carried by B or, in the absence of n-pairs, a 

π electron pair. When both n and π pairs are present on B, the n-pair takes precedence. 

These rules were later
162

 found to apply to halogen-bonded complexes of the type B 

XY, where XY is a di-halogen molecule, either polar or nonpolar.   

In the early work
163-165

 on hydrogen-bonded complexes, it was necessary to assume a 

collinear arrangement of the HX moiety and the H-bond accepting center on the base 

because of the well-known difficulty associated with locating the H atom by deuterium 

substitution. This difficulty arises mainly because (i) the substituted atom necessarily lies 

close to the molecular center of mass, and (ii) because D for H substitution significantly 

attenuates the zero-point excursions of that atom, thus complicating the interpretation of 

the zero-point moments of inertia. Fortunately, a method
166-168

 based on the complete 

halogen nuclear quadrupole coupling tensor can locate the HX internuclear axis precisely 

within the principal inertia axis system of a complex BHX.  If the molecule has Cs 

symmetry, with the principal inertial plane ab, for example, as the symmetry plane, the  



63 

 

only nonzero off-diagonal element of the coupling tensor is 𝜒𝑎𝑏(X), and the angle 𝛼𝑎𝑧 

between the principal inertia axis a and the HX axis, z, is given by 

       𝛼𝑎𝑧 =  
1

2
tan−1 {

−2𝜒𝑎𝑏(X)

𝜒𝑎𝑎(X)-𝜒𝑏𝑏(X)
}          (1) 

It can be shown that the angle, αaz, so determined is a good approximation to the 

equilibrium value even when zero-point averaged coupling constants are employed.
166,167

 

As a result, a good approximation to the equilibrium value of the nonlinearity of the 

hydrogen bond, , can be obtained. By this means, it was found that complexes 

BHCl
167-

177

173  
and BHBr

166,174-
183

178
  can exhibit large angular deviations from linearity, 

when the symmetry of B allows it. For example, when X = Cl , θ = 20.3(8)°, 9.5(1)°, 

16.5(1)°, 21.0(5)°, 17.5° and 18.3(1)°, for B = formaldehyde, 2,5-dihydrofuran, oxirane, 

thiirane, methylenecyclopropane, and vinyl fluoride, respectively. Similarly, when X = 

Br, θ is [not measured], 10.2(1)°, 17.0(1)°, 19.7(1)°, 18.0(2)° and 20.1(1)°, for this same 

set of bases, respectively. Figure 4.1 illustrates the definition of θ in the case of 

H2COHCl.   

 
Figure 4.1 HClH2CO Complex 

The HClH2CO complex showing the angle ,, which defines the nonlinearity of the 

hydrogen bond. 

An obvious explanation for the significant magnitude of the values of θ in these cases is a 

secondary interaction between the nucleophilic halogen atom of HX and an electrophilic 

region on B. To account for this, the rules for angular geometry for BHX need a minor 

modification, namely the inclusion of a (hypothetical) mechanism in which a secondary 

interaction involving X causes the hydrogen bond (initially along the axis of an n-pair or 

-pair) to become nonlinear until the energetic benefit of the secondary interaction 

balances the energetic cost of the H-bond bend. If this hypothesis is correct, larger 
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nonlinearities should be observable for the corresponding complexes BHCCH, given 

that acetylene is known187F

179
 to form weaker hydrogen bonds than HCl or HBr while still 

retaining the ability to form secondary hydrogen bonds via its  electron density.  

In order to test this hypothesis, the rotational spectra of several complexes BHCCH (B 

= formaldehyde, 188F

180
 2,5-dihydrofuran, 189F

181
 oxirane, 190F

182
 thiirane191F

183
 and vinyl fluoride 192F

184
) were 

investigated.  The orientation of the HCCH moiety could not be determined using 

equation 1 owing to the absence of a suitable nuclear quadrupole coupling tensor. 

However, the larger moment of inertia of HCCH relative to that of HCl and HBr, and the 

correspondingly attenuated zero-point motion of HCCH allowed it to be satisfactorily 

located within the principal inertia axis system of the complex by conventional use of 

zero-point moments of inertia. The experimental result is that the order of θ is BHCCH 

> BHCl ~ BHBr when B =  formaldehyde, 2,5-dihydrofuran, oxirane, thiirane, 

methylenecyclopropane, or vinyl fluoride.  For a given B, the value of θ for BHCCH is 

about double those found for BHCl and BHBr. 

The pyridine-acetylene complex offers a severe test of the propensity of acetylene to 

form nonlinear hydrogen bonds when acting as the H-bond donor.  The n-pair of the 

nitrogen atom lies along the C2 axis of pyridine and, as noted above, forms strong 

hydrogen bonds with HCl and HBr.  Indeed, the interaction with HBr is so strong that the 

complex has been shown to have significant pyH
+Br

 –
 character.

2
 In this light, it might 

be expected that a hydrogen bond between HCCH and pyridine would be more difficult 

to bend than the corresponding hydrogen bonds in other BHCCH complexes. On the 

other hand, secondary interactions involving the ortho hydrogens of pyridine have been 

noted in the complex pyridineCO2. 193F

185
 Hence, the question addressed in this work is 

whether pyridineHCCH has C2v symmetry at equilibrium, with the HCCH atoms lying 

along the pyridine C2 axis, or whether the secondary interaction of the π bond of HCCH 

with the ortho-H atoms of pyridine is sufficiently strong to lead to a bent NH–C≡  

hydrogen bond. An answer to this question, as sought through an investigation of the 

rotational spectrum of pyHCCH, is reported here. 
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Experimental 

Rotational spectra of pyHCCH were recorded between 4.3 and 10.7 GHz using the 

pulsed-nozzle Fourier transform microwave (FTMW) spectrometers at the University of 

Exeter
183,186

 and the University of Minnesota.
31,49

  Acetylene was introduced in a ~1% 

argon gas mixture, which was expanded through a 0.8 mm diameter nozzle into the 

microwave cavity with a stagnation pressure of 1.1 atm. Initially, pyridine was added 

through a continuous flow line backed by argon at a pressure of 0.7 atm, described 

elsewhere.
50,138 

The flow line bubbled through a small reservoir of pyridine and 

terminated in a needle of inner diameter 0.010", which was placed a few millimeters 

downstream of the nozzle orifice and bent so as to introduce the gas along the axis of the 

expansion. Eventually pyridine bubblers were placed on both the pulse and continuous 

flow lines in order to increase the amount of pyridine entering the supersonic expansion. 

This novel use of a continuous flow line was found to increase signal intensity by a factor 

of ~5.  The nozzle was pulsed at a rate of 4 Hz and four free induction decay signals were 

collected per pulse with a data collection time of 140.8 μs. Transition frequencies were 

typically accurate to ~4 kHz. Sample spectra are shown in Figure 4.2. 

Rotational transitions of the parent, ortho- and meta- N
13

CC4H5HCCH species were 

observed in natural abundance.  The deuterated species NC5H5 DCCD, NC5H5HCCD 

and NC5H5DCCH were observed using a ~1% mixture of deuterated acetylene in argon. 

Deuterated acetylene isotopologues were synthesized by reacting 3.1 g CaC2 from Sigma 

Aldrich with either pure D2O or a 50/50 mixture of H2O/D2O.   

An additional broadband spectrum of the parent complex was taken using the newly 

constructed chirped pulse FTMW spectrometer which operates in tandem with the cavity-

type spectrometer at the University of Minnesota. This instrument employs the 

methodology of Pate and coworkers
4
 and is described elsewhere.

5,12
  The broadband 

spectrum was useful in determining the relative intensities of the rotational transitions 

which, in combination with an analysis of nuclear spin statistics, enabled assignment of 

ground and excited states tunneling states, as described below.   
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Figure 4.2 Cavity and Chirped-Pulse Spectrum of py-HCCH 

(a) The 404  303 transition in the 0
+ 

state of pyHCCH taken with the cavity FTMW. (b) 

Two rotational transitions of pyHCCH taken on a chirped pulse spectrometer, showing 

the dependence of relative intensities on the parity of K1. 

Computational Details 

High level ab initio predictions of the re geometries and energy differences were 

computed using the CCSD(T)(F12*) method, that is, coupled-cluster theory with 

singles, doubles, and perturbative triples, 201F

187
 and explicit-correlation in order to approach 

the basis set limit. 202F

188,
203F

189
 The cc-pVDZ-F12 basis sets204F

190
 were used without any counter-

poise correction, and only valence electrons were correlated. The computed basis set limit 

CCSD(T) dissociation energy is 1.2 kcal/mol. For a more extensive investigation of the 

nature of the large amplitude motion and zero-point effects, CCSD(T)(F12*)/cc-pVDZ-
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F12 energies were computed along a 1-d curvelinear path tracing the in-plane HCCH 

wagging coordinate. Along the path, the HCCH and NC5H5 moieties were kept fixed at 

the C2v optimized geometries and the HCCH unit rotated around a pivot defined by the 

intersection of the N-C and C-C vectors of the Cs minima, with a constant N-H distance 

of 2.22 A. This frozen path has a barrier to inversion of 48 cm
-1

 compared to 44 cm
1

 for 

the fully relaxed path. These numbers are sufficiently similar so as to justify using the 1-d 

path to compute an approximate tunneling frequency. Zero-point and tunneling 

states were computed by numerically solving the 1-d Schrödinger equation in mass-

weighted space, giving a tunneling frequency of 220 MHz. To provide information 

regarding the remaining degrees of freedom, harmonic frequencies were computed at 

the MP2-F12/cc-pVDZ-F12 level of theory205F

191
 at the MP2-F12/cc-pVDZ-F12 Cs and C2v 

stationary points. All electronic structure calculations were performed using the 

Turbomole program package. 206F

192
 

Microwave Spectrum 

a-type rotational transitions were initially recorded at the University of Exeter for both 

pyHCCH and pyDCCD. All spectra were found to be doubled, with splittings on the 

order of several MHz, suggesting the existence of a pair of states with sufficiently similar 

energies that both are populated in the supersonic jet. Moreover, the A rotational 

constants differed significantly from that of free pyridine and indeed, rotational constants 

and isotopic shifts from preliminary fits were in reasonable agreement with the ab initio 

structure, which is a planar Cs geometry with a bent hydrogen bond. Thus, the observed 

spectral doubling could be indicative of a pair of tunneling states that arise due to the 

finite barrier at the C2v configuration. However, based on spectra of the HCCH and 

DCCD complexes alone, it was not possible to rule out an internal rotation that 

interchanges the positions of the acetylinic hydrogens, similar to that which occurs during 

the geared tunneling motion in (HCCH)2. 207F

193
 Thus, additional experiments on pyHCCD 

and pyDCCH were performed at the University of Minnesota. The spectra were again 

found to be doubled, indicating that the motion does not involve interchange of the 

acetylenic hydrogens and therefore most likely arises from motion along a coordinate that 
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connects the two equivalent potential energy minima associated with a bent hydrogen 

bond. Ab initio calculations investigating the barrier to internal rotation of the HCCH unit 

revealed that the HCCH moiety is not bound to pyridine when in the C2v T-shaped 

configuration. The computed basis set limit CCSD(T) dissociation energy of 1.2 kcal/mol 

is sufficiently large as to provide further evidence precluding internal rotation of the 

HCCH unit. 

The magnitude of the observed splittings provides additional insight into the nature of the 

motion. The splittings increase with J and, for any given rotational transition, are 

uniformly larger for the HCCH species than for the DCCD species. Moreover, the 

magnitude of the splitting depends primarily on the hydrogen isotope in the outer 

position, i.e., the splittings of pyHCCH and pyDCCH were nearly identical to each 

other as were those of pyDCCD and pyHCCD. This further suggests that the motion is 

dominated by the outer hydrogen of the acetylene. Thus, the geometry suggested by the 

isotopic substitutions is indeed a degenerate bent structure, connected by a large 

amplitude rocking motion that passes through the C2v geometry.  An illustration of the 

proposed motion is given in Figure 4.3. 

In order to provide additional evidence for the rocking motion in Figure 4.3, the ortho- 

and meta-substituted 
13

C species were examined. 
13

C substitution at either the ortho- or 

meta- positions quenches the tunneling by breaking the symmetry of the pyridine, 

producing instead a pair of distinct isotopologues – one with the 
13

C on the inside of the 

acute angle formed between the acetylene and the pseudo-C2 axis of pyridine, and one 

with the 
13

C on the outside. Indeed, for both the ortho- and meta-substituted species a pair 

of spectra was observed, the members of which were assignable to separate isotopologues 

whose moments of inertia were consistent with semi-rigid structures having the 
13

C in 

either the inner or outer positions. This observation provides further evidence for the 

proposed motion.  
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Figure 4.3 1-Dimensional Potential Proposed for pyHCCH 

A 1-dimensional potential and the proposed tunneling motion for pyHCCH. The 

44 cm
1

 barrier is the result of calculations done at the CCSD(T)(F12*)/cc-pVDZ-F12 

level/basis set along a fully relaxed path. 

The ab initio calculations also strongly support the existence of a tunneling-assisted 

HCCH rocking motion and the above interpretation of the spectra. As noted above, the 

C2v barrier between the two bent Cs structures is 44 cm
1

 and the 0
+
 and 0


 states are split 

by 220 MHz on the 1-d potential surface. Even acknowledging substantial errors that 

could arise from the use of a 1-d potential, this value is sufficiently small that both 

tunneling states may be expected to be populated in the jet. Moreover, repeating the 1-d 

vibrational calculation for the 
13

C isotopologues breaks the symmetry of the potential 

through the arc length in the mass weighted space, and localizes the ground and first 

vibrational states at one of the two minima.  

The motion indicated in Figure 4.3 inverts the component of the electric dipole moment 

along the b-inertial axis of the complex (b) but leaves the a-component (a) unchanged. 

As a result, a-type rotational transitions occur between states of the same vibrational 

symmetry (i.e., 0
+
  0

+
 and 0


  0


) while b-type transitions will occur between states 

of opposite symmetry (i.e., 0

  0

+
 and 0

+
  0


). Thus, the observed a-type spectra are 

pure rotational transitions, and the observed doubling arises from small differences in 

rotational parameters between the 0
+
 and 0


 states. Only b-type transitions cross the 

tunneling doublet and provide a direct measure of the tunneling splitting (i.e., the 
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separation between the 0
+
 and 0


 states). Several attempts were made to locate b-type 

(inversion) transitions, but none were readily identified and additional experiments were 

not pursued. Note that b-type spectra of the 
13

C isotopologues should be uncomplicated 

by tunneling and therefore well predicted from the rotational constants obtained from the 

a-type spectrum. However, searches for them were not successful, primarily because their 

predicted intensities are ~10 times smaller than those of the a-type spectra, which were 

themselves rather weak due to reliance on the naturally occurring 
13

C. 

Assignment of the tunneling states was made on the basis of nuclear spin statistics. Since 

the 0
+
 and 0


 states correlate with the ground and first excited vibrational states of a C2v 

(zero barrier) complex, the nuclear spin statistics can be analyzed for a C2v system, as the 

symmetries will not change upon introduction of the barrier. Rotation through  about the 

a-axis of the complex interchanges two equivalent pairs of hydrogens and thus, the total 

wavefunction must be symmetric with respect to this operation. The electronic 

wavefunction, el, is symmetric and can be ignored, while the vibrational wavefunction, 

vib, is symmetric for the 0
+
 state and antisymmetric for the 0


 state. The rotational 

wavefunction, rot, has the parity of 1)1( 
K

, and spin may be written as orthometa, the 

product of singlet or triplet spin functions for the pairs of ortho and meta hydrogens. 

Thus, writing tot = elvibrotspin leads to the conclusion that in the 0
+
 state, the even 

K1 and odd K1 have statistical weights of 10 and 6, respectively, while in the 0

 state the 

intensity ratio is reversed. This predicted alternation of intensities with the parity of K1 

was indeed observed (see Figure 4.2b) and allowed for the definitive assignments of the 

spectra. 

Spectra for the 0
+
 and 0


 states were fit separately using a Watson A-reduced 

Hamiltonian and the SPFIT program of Pickett,
144

 see also Appendix D for observed 

transitions and associated residuals.
 

208F

14
N nuclear hyperfine structure was observed and 

treated by standard methods,
34

 but for the deuterated species studied, deuterium hyperfine 

structure was not well resolved and was, therefore, not analyzed. The observed spectra 

were readily assignable for transitions involving J and K1 as high as 7 and 3, 
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respectively. However, single-state fits for the parent and deuterated-acetylene 

isotopologues including all observed transitions produced residuals as large as several 

hundred kHz, with little improvement obtained by inclusion of sextic distortion constants. 

After numerous attempts, satisfactory fits, with rms residuals on the order of 510 kHz, 

were obtained only when the data sets were restricted to transitions involving K1 = 0,1. 

In light of the large amplitude motion described above, it is reasonable to suppose that the 

difficulties with higher K1 transitions are a result of a strong Coriolis perturbation (e.g. 

arising from coupling of intermolecular stretching and bending modes) that is not treated 

in a simple one-state model. Thus, in order to minimize the effect of any untreated 

interactions, rotational constants for observed isotopologues containing parent pyridine 

are reported in Table 4.1 for the restricted fits involving only K1 = 0,1. Note that, while 

the results obtained are generally reasonable, a few of the centrifugal distortion constants 

are negative.  

The results of similar fits for the 
13

C substituted isotopologues are given in Table 4.2. 

These fits are also generally reasonable, with rms residuals of 5 kHz or less. Note that the 

appearance of a few negative centrifugal distortion constants persists in these 
13

C 

pyridine species, suggesting that large amplitude angular motion may be a pervasive 

feature of the system, even in the absence of tunneling between degenerate 

configurations. We note, however, that transitions with K1 > 1 were not recorded for the 

13
C isotopologues owing to their reduced intensity, thus precluding additional insight as 

to the behavior at higher values of K1.  

As noted above, no b-type transitions were identified in this work and thus, a direct 

measure of the tunneling splitting is not possible. In some cases, however, an estimate of 

the tunneling splitting can be made from analysis of Coriolis perturbations in a combined 

fit of data from both the 0
+
 and 0


 states.210F

194
  Thus, several attempts were made to fit the 

doubled a-type transitions of the parent species using a coupled, A-reduced Watson 

Hamiltonian from Pickett’s SPFIT program:                                                      

 𝐻 = ∑ 𝐻𝑖
R

𝑖 + ∑ 𝐻𝑖
CD

𝑖 + 𝐻int                                                              (2)   
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where  

𝐻𝑖𝑛𝑡 = ∆𝐸01 + 𝐹𝑎𝑏(𝑃𝑎𝑃𝑏 + 𝑃𝑏𝑃𝑎)                                                    (3) 

Here, i = 0, 1 (corresponding to the two tunneling states), H
R
 is the rotational 

Hamiltonian, H
CD

 incorporates centrifugal distortion, and H
int

 represents the interaction 

between the ground and first excited states with a tunneling energy ΔE01 and the Coriolis 

coupling constant, Fab.211F

195
 These fits, however, were met with limited success. While K-1 

= 0, 1, 2, and 3 transitions for both 0
+ 

and 0
 

states were fit with an average residual of 5 

kHz, several features of the results were of concern. First, the standard errors of the 

rotational constants were 340 kHz, 110 kHz, and 2 kHz for A, B, and C respectively, with 

the value for B being most startling. Second, the resulting inertial defect for the combined 

fits, defined as
34

 

  ∆𝐼𝐷=
ℎ

8𝜋2
(

1

𝐶
−

1

𝐴
−

1

𝐵
) = −2 ∑ 𝑚𝑖𝑐𝑖

2                                              (4)

𝑖

 

was typically  ~25 amu Å
2
, in sharp contrast with both the experimental results (Tables 

4.1 and 4.2) and  ab initio calculations, which indicate a planar system, for which a 

negative, near-zero value is anticipated. Finally, consistent with the large standard errors 

associated with the rotational constants, the fits did not appear unique and indeed, ΔE01 

was occasionally negative (depending on starting parameters). Thus, we conclude that 

while the perturbations in this system are large enough to observe, they are not large 

enough to extract meaningful, uncorrelated constants from analysis of Coriolis 

perturbations alone. Consequently, we settled on the single-state fits described above.  
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Table 4.1 Spectroscopic Constants for H5C5N-HCCH and -DCCD 

Constant 
H5C5N-HCCH  

0
+
 State 

H5C5N-HCCH 

0
 

State 

H5C5N-DCCD 

0
+ 

State 

H5C5N-DCCD 

0
 

State 

A (MHz) 5866.41(65) 5866.4(14) 5832.2(17) 5840.2(21) 

B (MHz) 826.54924(62) 826.6813(14) 783.3767(18) 783.4782(18) 

C (MHz) 726.14279(55) 722.4005(13) 691.7321(17) 688.9347(18) 

ΔID (amuǺ
2
) -1.60 2.10 -1.18 1.99 

14
N χaa (MHz) -3.9168(33) -3.8807(73) -3.95(21) -3.94(20) 

14
N(χbb-χcc) (MHz) -2.6796(84) -2.670(19) -1.52(40) -1.72(44) 

ΔJ (kHz) 1.8659(60) -0.925(14) 1.375(14) -0.452(13) 

ΔJK (kHz) -46.39(38) -49.10(91) -22.2(11) -29.5(12) 

δJ (kHz) -0.9050(43) 1.099(10) -0.6088(99) 0.7539(96) 

RMS (kHz) 4 10 5 5 

N 54 48 20 18 
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Table 4.2 Spectroscopic Constants for H5C5N-DCCH, and –HCCD 

Constant 
H5C5N-DCCH  

0
+ 

State 

H5C5N-DCCH  

0

State 

H5C5N-HCCD  

0
+ 

State 

H5C5N-HCCD  

0
 

State 

A (MHz) 5841.5(11) 5843.0(17) 5854.2(12) 5852.7(24) 

B (MHz) 820.01502(82) 820.1534(12) 789.03291(76) 789.1358(16) 

C (MHz) 720.88215(77) 717.0641(11) 696.37277(68) 693.6136(14) 

ΔID (amuǺ
2
) -1.76 2.10 -1.10 1.85 

14
N χaa (MHz) -3.907(39) -3.905(61) -3.903(27) -3.877(65) 

14
N(χbb-χcc) (MHz) -2.71(12) -2.70(18) -2.744(84) -2.70(19) 

ΔJ (kHz) 1.7936(82) -0.973(12) 1.413(10) -0.552(20) 

ΔJK (kHz) -51.11(57) -54.60(89) -18.92(45) -20.35(97) 

δJ (kHz) -0.8847(58) 1.1187(92) -0.6157(81) 0.789(15) 

RMS (kHz) 4 6 3 6 

N 29 31 26 29 
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Table 4.3 Spectroscopic Constants for H5C5NHCCH with 
13

C-pyridine substitutions 

Constant 
inner - ortho 

13
C 

 
H5C5N - HCCH 

outer – ortho 
13

C 

H5C5N – HCCH 

inner – meta 
13

C 

H5C5N – HCCH 

outer – meta 
13

C 

H5C5N – HCCH 

A (MHz) 5831.0(14) 5731.1(20) 5692.2(24) 5805.1(22) 

B (MHz) 826.60497(81) 825.2940(11) 823.6956(14) 819.2898(11) 

C (MHz) 724.00857(76) 721.0322(11) 719.7943(13) 718.2006(11) 

ΔID (amuǺ
2
) -0.033 0.366 -0.219 -0.234 

14
N χaa (MHz) -3.906(27) -3.916(39) -3.921(47) -3.886(39) 

14
N(χbb-χcc) (MHz) -2.640(84) -2.64(12) -2.63(15) -2.58(12) 

ΔJ (kHz) 1.330(11) -0.514(15) -0.539(19) 1.047(16) 

ΔJK (kHz) -49.33(55) -39.57(80) -54.08(99) -51.01(81) 

δJ (kHz) -0.5979(79) 0.871(11) 0.669(14) -0.235(11) 

RMS (kHz) 3 4 5 4 

N 25 26 25 25 
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Structure Analysis  

The structure of the complex was determined using two separate methods, one involving 

analytical expressions for the components of the inertial tensor described previously,
146

 

and the other involving Kisiel’s fitting program STRFIT.
151 

 In both cases, the structures 

of free pyridine and acetylene were assumed to be unchanged upon complexation and 

rotational constants from the single state fits were used rather than those of the combined 

fit discussed above. 

First, analytical expressions for the inertial tensor components of the complex were 

applied. A similar analysis has been recently described for HNO3HCOOH.
14

  Briefly, 

the inertial tensor components of the complex are written in an X, Y, Z axis system, in 

which the origin corresponds to the center of mass of the complex. The a, b, and c inertial 

axes of each monomer are initially oriented along the Z, X, Y axes, respectively, and 

rotation matrices are applied to bring each monomer to its correct orientation within the 

complex. Assuming a planar structure for pyHCCH, (which is supported by both the 

small inertial defect and the ab initio results) only the angle between the Z- axis and the 

a-axis of each monomer, θn, is needed to specify their relative orientation. Thus, the 

structure of the complex is fully defined by Rcm, θ1 (pyridine), and θ2 (acetylene), as 

depicted in Figure 4.4a, which also defines the atom numbering used.  The general 

equations for the inertial tensor components reduce to 

          (5) 

         (6)

            (7) 

          (8) 
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Here, )(i

ggI is the moment of inertia of the monomer i about its g-inertial axis and  is the 

pseudodiatomic reduced mass of the complex. For acetylene, Iaa = 0. The remaining 

moments of inertia were obtained from literature rotational constants for pyridine
196 

and 

acetylene.
197

  

For each state and each isotopologue studied, Rcm was first determined from the C 

rotational constant of the complex, which is independent of the angular orientation of the 

monomers. The results are listed in the third column of Table 4.3. Next, using the 

observed
 
χaa(

14
N), the angle between the principal axis of the pyridine quadrupole 

coupling tensor and the a-axis of the complex, , was estimated from the tensor 

projection formula  

   𝜒𝑎𝑎 = 𝜒𝑥𝑥 𝑐𝑜𝑠2 𝜏 + 𝜒𝑦𝑦(1 − 𝑐𝑜𝑠2 𝜏)          (9) 

Here, χxx and χyy are eigenvalues of the coupling tensor of free pyridine with values of 

4.908 MHz and 1.434 MHz, respectively. 217F

198
 Since the parent form of pyridine has C2v 

symmetry, x and y coincide with its a- and b-inertial axes, respectively. Thus, assuming 

that the average position of the a-axis of the complex coincides with Z (which is a very 

good approximation for this complex), τ = θ1. Although equation (9) admits both positive 

and negative values of  the positive value is taken without loss of generality. 218 F

199
 For 

complexes with 
13

C substitution at the ortho or meta positions of pyridine, the a-axis is 

rotated off the N11-C5 axis, so that τ and θ1 are no longer equal. However, the orientation 

of the principal axis system of the quadrupole coupling tensor with respect to the 

molecular frame does not change upon isotopic substitution and thus,  was corrected for 

the angle between the a-axis of the pyridine and the N11-C5 axis, α, calculated from the 

published structure. The relationship between θ1, α, and τ is depicted in Figure 4b for the 

inner 
13

C ortho substituted complex. As noted in the figure, a small adjustment should be 

made to account for β, the angle between the a- and Z- axes of the complex. However, as 

noted above, β turns out to be ~0.5° and is small enough to ignore.  
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With Rcm and θ1 determined, θ2 was left to be obtained from either the A or B rotational 

constants of the complex. Slightly different values were required to reproduce the 

observed A and B, but these values generally differed by only a few degrees and thus, the 

average value was taken. More significantly, with , and hence θ1 chosen to be positive, 

the observed values of A and B could each be reproduced by either a positive or a 

negative value of 2. The pairs of positive and negative angles obtained from this analysis 

are summarized in Table 4.3 for each isotopologue studied and for each state of 

complexes in which spectral doubling was observed. Averages of the maximum and 

minimum values obtained are given separately for the 0
+
 states, the 0


 states, and the 

13
C 

substituted isotopologues, with error bars chosen to encompass all values obtained for 

each subgroup. 

 

Figure 4.4 Structure Parameters of the pyHCCH Complex 

 (a) Diagram is for the parent species and specification of atom numbering. (b) Angle 

definitions for one of the meta-substituted 
13

C pyridine species, in which the a-axis of 

pyridine does not coincide with its pseudo-C2 axis. Note that the center of mass of 

pyridine does not lie on the C5-N11 axis.   
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Together with the constraint of planarity noted above, the values obtained for Rcm, 1, and 

2, in principle, fully specify the geometry of the complex. However, some criterion is 

needed to choose the sign of 2. Normally, such a choice can be made by comparing 

interatomic distances obtained from each structure and choosing the configuration that is 

most isotopically invariant. In this case, the logical choice is the intermolecular N11-H15 

distance (i.e., the hydrogen bond length), and these values, calculated from Rcm, 1, and 

2, are also listed in Table 4.3. Comparison of the range of values of R(N11-H15) 

obtained for positive and negative values of 2 show somewhat smaller variations among 

the sets of negative values, thus favoring the configuration drawn in Figure 4.4. That a 

hydrogen of the acetylene is directed toward the nitrogen of pyridine is the chemically 

intuitive structure. Note that this orientation of the HCCH moiety shown in the figure 

indeed corresponds to a negative value of 2, since this angle is defined to be positive 

when the acetylene is rotated counterclockwise from the Z axis to its orientation in the 

complex.
146

  

While the negative choice of 2 gives somewhat more isotopically consistent values of 

the hydrogen bond length, in absolute terms, the variation is unusually large. For 

example, the average values for the 0
+
 and the 

13
C substituted species differ by 0.082 Å. 

This is perhaps not surprising, given the large amplitude motion inferred from the 

spectroscopic data above. In this light, an alternate geometrical parameter, less subject to 

the effects of large amplitude zero point oscillations may be desirable and for this 

purpose, the distance between the midpoint of the C5-N11 line segment (i.e., the “center” 

of the pyridine ring) and the midpoint of the CC bond in acetylene, was chosen. This 

distance is also shown in Figure 4.4a and is denoted by Ro. Values of Ro corresponding to 

positive and negative values of 2 are also listed in Table 4.3, where it is apparent that the 

variation among states and isotopologues is about an order of magnitude smaller than that 

observed for R(N11-H15). Moreover, values corresponding to the positive and negative 

values of 2 typically agree to within 10
5

  10
4

 Å.  Thus, the notion of a hydrogen bond 

length is only approximate in this system, and it is better to think of the complex in terms 

of a fixed average separation between the centers of the pyridine ring and the center of 
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the CC bond, with large amplitude angular oscillations that render the “hydrogen bond 

length” somewhat variable from state to state and isotopologue to isotopologue.  

Finally, despite ambiguities associated with defining the complex in terms of atom-atom 

distances and bond angles, the above analysis was checked using Kisiel’s STRFIT 

program.
151

  To implement the program, the geometry was defined by three parameters 

Ro, (HCCH), and (py), the latter two defined as the angle that Ro forms with the 

HCCH axis and the C2 (or pseudo C2) axis of the pyridine (or 
13

C pyridine), respectively. 

Dummy atoms (“Cpyr12” and “Ccc13”) were used to define the endpoints of Ro. Several 

fits were run with a combination of the B and C rotational constants from the 0
+ 

and 0
 

states, and the 
13

C-pyridine isotopologues. Fits using only the rotational constants from 

either the 0
+ 

or the 0
 

states yielded values of Ro similar to those determined above, but 

the value of (py) was indeterminate. 219F

200
  A fit using only data for the 

13
C-substituted 

pyridine complexes, which are presumably more localized in a single potential well, was 

better behaved and also gave acceptable agreement with the results of the above analysis. 

The results of this fit are also included in Table 4.3. In order to enable direct comparison 

with the results of STRFIT (given below), Rcm, θ1, and θ2 were used to determine 

(HCCH), and (py), and this comparison is also provided in the table. Using the 

average values of (py) and (HCCH) obtained for the 
13

C species, we calculate that the 

average angle formed between the HCCH axis and the pseudo-C2 axis of the pyridine is 

46. 

The final, recommended structural parameters of the complex are given in the last line of 

Table 4.3. Since values obtained for 0
+
 and 0


 states of complexes containing the parent 

form of pyridine are subject to ambiguities related to tunneling between potential wells, 

we have chosen to use the values obtained from the 
13

C isotopologues for this purpose. 

They are generally in good agreement with the results of the STRFIT analysis and, 

moreover, in most cases, lie between those separately obtained for the 0
+
 and 0


 states. 

Only for (py) do the 
13

C results lie outside the range defined by the 0
+
 and 0


 state fits, 

but the difference is only a few degrees. We note, of course, that given the dynamical 
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complexity of this system, a variety of criteria could be used to assess the “best” 

structural parameters and thus, the full set of results presented in Table 4.3 can be used to 

provide a variety of perspectives as needed. The recommended structure is shown in 

Figure 4.5 and the ab initio results are included in the table for comparison. While the 

experimental and theoretical numbers represent zero-point and equilibrium values, 

respectively, the agreement is seen to be quite good. 

 

Figure 4.5  Recommended Experimental Structure for pyHCCH 

The numbers in parentheses are CCSD(T)(F12*)/cc-pVDZ-F12 values and correspond to 

the calculated equilibrium geometry. 

 

  

5.1271(21) 

(5.120) 

R
0
 

R(N11-H15) 

2.316(28) 

(2.217) 
-23.2(21) 

(-18.6) 

<(HCCH) 23.3(2) 

(20.5) 

<(py) 
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Table 4.4 Experimental Structural Parameters for Py-HCCH 

State Isotope Rcm θ1
a
 θ2

b
 R(N11-H15)

b
 Ro

b
 <(Py)

b 
<(HCCH)

b
 

0 

Parent 5.12683 23.7 -26. 8 [27.1] 2.37631  [2.71350] 5.13603 [5.13603] 23.7 [23.7] -26.8 [27.1] 

Py-DCCH 5.06692 23.4 -26.1 [26.4] 2.35727 [2.67392] 5.13177 [5.13167] 23.7 [23.0] -25.8 [26.0] 

Py-HCCD 5.18237 23.8 -24.9 [25.2] 2.35082 [2.68260] 5.13553 [5.13562] 23.5 [24.0] -25.2 [25.4] 

Py-DCCD 5.12234 23.0 -24.1 [24.4] 2.32775 [2.63268] 5.13159 [5.13159] 23.0 [23.0] -24.1 [24.4] 

 Average
c 

2.352(24)  [2.673(40)] 5.1338(22)  [5.1338(22)] 23.35(35)  [23.50(50)] -25.5(13)  [25.8(14)] 

0+ 

Parent 5.10884 23.3 -15.0 [15.3] 2.22827 [2.43706] 5.11807 [5.11807] 23.3 [23.3] -15.0 [15.3] 

Py-DCCH 5.04860 23.4 -15.8 [16.1] 2.23451 [2.44597] 5.11738 [5.11732] 23.5 [23.2] -15.7 [15.9] 

Py-HCCD 5.16852 23.5 -17.3 [17.6] 2.24648 [2.49310] 5.11870 [5.11877] 23.2 [23.7] -17.6 [17.8] 

Py-DCCD 5.10832 22.9 -17.7 [18.0] 2.24300 [2.40099] 5.11758 [5.11758] 22.9 [22.9] -17.7 [18.0] 

  Average
c 

2.2374(91) [2.465(28)] 5.11804(66) [5.11805(73)] 23.20(30)  [23.30(40)] -16.4(14) [16.7(14)] 

Inner-o-13C 5.10233 8.2 -21.1 [21.2] 2.28789 [2.56707] 5.12526 [5.12526] 23.4 [23.4] -21.0 [21.3] 

Outer-o-13C 5.11669 38.5 -24.5 [24.8] 2.33365 [2.63756] 5.12833 [5.12833] 23.1 [23.1] -24.7 [24.6] 

Inner-m-13C 5.12200 39.7 -25.4  [25.7] 2.34391 [2.67317] 5.12916 [5.12916] 23.4 [23.4] -25.3 [25.8] 

Outer-m-13C 5.12974 7.2 -22.3 [22.4] 2.30467  [2.58987] 5.12497  [5.12497] 23.5  [23.5] -22.5 [22.2] 

    Average
c
 2.316(28) [2.620(53)] 5.1271(21)  [5.1271(21)] 23.3(2) [ 23.3(2)] -23.2(21) [23.6(23)] 

STRFIT
d
 2.33168

e
 5.12985(82) 21.1(22) 25.5(12) 

Ab  Initio
f
 2.217 5.120 20.5 18.6 

RECOMMENDED
g
 2.316(28) 5.1271(21) 23.2(2) 23.2(21) 

(a) 1 is defined to be positive without loss of generality. (b) Numbers not in square brackets correspond to the negative choice of 2 and 

represent the geometry shown in Figure 4.4. Numbers in brackets correspond to the positive choice of 2, for which the acetylene subunits is 

rotated counterclockwise about its center of mass. See text for discussion. (c) Average of the maximum and minimum values for the 0

 or 0

+
 

states, or 
13

C derivatives. Uncertainly (in parentheses) is half the range, i.e., half the difference between the maximum and minimum values, so 

as to encompass all values obtained. (d) Results using 
13

C data only. See text for discussion. (e) No uncertainty is given because this was not a 
fitted parameter in STRFIT. (f) Ab initio (equilibrium) values obtained at the CCSD(T)(F12*)/cc-pVDZ-F12 level/basis. (g) Average of the 

experimental (zero point) values obtained for 
13

C species with the negative choice of 2. See text for discussion.  
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Discussion 

As noted in the Introduction, the goal of this work was to determine whether acetylene 

forms a linear hydrogen bond with pyridine, or whether competing interactions between 

the ortho hydrogens on the ring and the  electrons of the acetylene give rise to a bent 

hydrogen bond. The arguments presented above provide strong evidence for the existence 

of a bent hydrogen bond. In comparison with pyridineHCl and pyridineHBr, we may 

infer that the weaker acidity of acetylene diminishes the importance of the linear 

interaction and renders the bent configuration more energetically competitive. It is 

interesting to note that the secondary hydrogen bond involving the ortho hydrogens of the 

pyridine is quite long and nonlinear: If Z represents the center of the CC bond, the 

H1Z distance is 3.42 Å and the C2H1Z angle is 122. 220F

201
 Yet, the interaction is of 

sufficient importance to move the acetylene axis 46 away from the axis of the nitrogen 

lone pair. Note that although no detailed quantum chemical calculations of the electron 

density have been performed for this system, the existence of such a secondary 

interaction is the most chemically intuitive explanation for the observed non-linearity. 

Moreover, the 3.42 Å distance is reasonably commensurate with that in other complexes 

which appear to exhibit secondary hydrogen bonding interactions.
166a 

For example, the 

r(HX) distances are 3.226, 3.278, and 3.283 Å, with corresponding angles of 107.1, 

110.9, and 125.7 degrees for BHCl complexes, where B =  formaldehyde, oxirane, and 

2,5-dihydrofuran, respectively. The influence of a similarly long (3.09 Å) and nonlinear 

(103) secondary hydrogen bond has been noted in the complex pyCO2.
185

 PyHCCH 

also differs from the complexes H3NHCCH
202

 and (CH3)3NHCCH,
203

 which form 

linearly hydrogen bonds due to the absence of sufficiently proximate competitive binding 

sites on the base. 

The nonlinear geometry of the complex, compounded by the relatively small moment of 

inertia of acetylene, produces a dynamically complex system. Spectroscopic evidence is 

consistent with a tunneling motion through a barrier at the C2v configuration and this, in 

itself, is associated with vibrational motion of substantial amplitude. The inability to 
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satisfactorily fit transitions with K1 > 1, together with the appearance of several negative 

centrifugal distortion constants even for the 
13

C isotopologues, is suggestive of additional 

large amplitude motion not directly related to the tunneling. Indeed, there are five 

computed intermolecular modes with low harmonic frequencies: 22 cm
1

 (in-phase, out-

of-plane intermolecular bending), 30 cm
1

 (in-phase, in-plane intermolecular bending, 

corresponding to the tunneling coordinate in Figure 4.3), 105 cm
1

 (intermolecular 

stretching), 115 cm
1

 (out-of-phase, out-of-plane intermolecular bending), and 155 cm
1

 

(out-of-phase, in-plane intermolecular bending).
204

 As a consequence, an isotopically 

invariant value of the HN distance is not well defined, as the zero point averaging is 

expected to strongly depend on the moment of inertia of the acetylene moiety. This is 

further manifested in the NH hydrogen bond length of 2.32 Å, which is somewhat 

larger than that in py-HF (2.2 Å)
205

 and consistent with the low binding energy of 1.2 

kcal/mol. Interestingly, however, the hydrogen bond length is quite similar to the 2.33 Å 

value reported for HCCHNH3.
202

 Py-HCCH is an excellent example of a system for 

which structure and dynamics are inextricably entwined, and thus for which the 

specification of the potential energy minimum alone provides an inadequate description 

of even the ground vibrational state. Such may often be the case when competing binding 

sites are separated by a small barrier and a relatively short path to interconversion. 

Conclusion 

The weakly bound complex formed from pyridine and acetylene has been investigated in 

order to study the competition between n-pair and -pair hydrogen bonding. Compared 

with the previously studied complexes py-HCl and py-HBr in which the HX axis aligns 

with the C2 axis of the pyridine, py-HCCH is bent, with the acetylene axis leaning ~46° 

away from the axis of the nitrogen lone pair. This tilt is presumably indicative of -pair 

hydrogen bonding with the ortho hydrogens of the pyridine, which assumes greater 

importance relative to that of the linear hydrogen bond owing to the weaker acidity of 

HCCH relative to that of HCl or HBr. Ab initio calculations of the intermolecular 

potential energy surface at the CCSD(T)(F12*)/cc-pVDZ-F12 level reveal a small (44 

cm
1

) barrier at the C2v configuration and spectroscopic evidence indicates that the 
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system tunnels between the two equivalent potential minima associated with the two 

ortho hydrogens. The NH hydrogen bond length is 2.32(3) Å, but because of its 

dynamic complexity, the complex is best described by the distance between the center of 

the pyridine ring and the center of the CC bond of acetylene (the former defined as the 

midpoint between the nitrogen and the para carbon of pyridine). This system is an 

excellent example of one in which large amplitude zero-point motion renders 

conventional descriptions of molecular structure in terms of isotopically invariant bond 

lengths and bond angles only approximate. Such a situation may not be uncommon in the 

presence of competitive binding sites with geometrical proximity and a small barrier to 

interconversion. 
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Abstract 

Aqueous pyridine plays an important role in a variety of catalytic processes aimed at 

harnessing solar energy. In this work, the pyridine-water interaction is studied by 

microwave spectroscopy and DFT calculations. Water forms a hydrogen bond to the 

nitrogen with the oxygen tilted slightly toward either of the ortho hydrogens of the 

pyridine, and a tunneling motion involving in-plane rocking of the water interconverts the 

resulting equivalent structures. A pair of tunneling states with severely perturbed 

rotational structure is identified and their energy separation, E, is inferred from the 

perturbations and confirmed by direct measurement. Values of E are 10404.45 MHz and 

13566.94 MHz for the H2O and D2O complexes, respectively, revealing a curious 

increase upon deuteration. Small splittings in some transitions suggest an additional 

internal motion making this complex an interesting test case for theoretical treatments of 

large amplitude motion. 
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Introduction  

The interaction of pyridine (py) and water underlies a variety of topics in sustainable 

energy research. The pyH2O complex, for example, has been investigated for its 

possible role in photo-induced bond cleavage of water
206

 and both pyridine and 

pyridinium are prominent in studies on photoelectrochemical mechanisms for CO2 

reduction.
207

  Solvent-solute interactions play an important role in the photophysics of 

pyridine solutions
208

 and calculations indicate that n-* excitation induces significant 

structural rearrangement of the pyH2O complex.
209

 Detailed information about the 

pyridine-water interaction should be a valuable part of our understanding of a variety of 

environmentally friendly photochemical processes. 

 

Nearly 20 years ago, Caminati et al. reported microwave spectra of the three diazine–

water complexes.
210-

231F

212
 In each case, the primary interaction is an NHO hydrogen bond 

that is rendered nonlinear, presumably by a secondary attraction between the oxygen and 

an available ortho-hydrogen. Moreover, in the case of pyrazine, which has C2v symmetry 

and two available ortho hydrogens, the complex with water has two degenerate minimum 

energy configurations, and these researchers were able to determine the tunneling 

frequency for their interconversion.
210

  Curiously, however, analogous studies of the 

pyH2O complex have not been reported. Low resolution gas phase infrared spectra have 

been published,
213

 and some microwave spectra have been collected,
214

 but the latter 

appear to have been too complex to assign at the time. With the aid of modern, broadband 

chirped-pulse spectroscopy,
4
 we have investigated both the H2O and D2O isotopologues 

of the system. The spectra reveal an interaction rich with internal dynamics that perturb 

the spectra so strongly that they would have been difficult, if not impossible, to unravel 

using older methods alone. 

 

Computational 

Prior to experimentation, density functional theory (DFT) was used to predict the 

minimum energy structure of py–H2O.
215

  As with the diazine-H2O complexes, and in 

accord with previous computational work,
216

 the system exhibits a nonlinear hydrogen 
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bond (Figure 5.1). The transition state connecting the two degenerate bent configurations 

is a symmetric, linearly hydrogen bonded structure and the associated imaginary 

frequency corresponds to an in-plane rocking motion with a barrier of 0.33 kcal/mol 

(Figure 5.2a). This motion is similar to that described for pyrazineH2O
210

 and to that 

recently observed for pyHCCH.
15

  The binding energy is 7.0 kcal/mol. 

  

 

Figure 5.1 Theoretical Results for the pyH2O Complex 
Calculations were done using M06-2X/611++G(3df,3pd).  (a,b,c) are the inertial axes.   

 

The spectroscopic consequence of the finite barrier in Figure 5.2a is a lifting of the 

degeneracy associated with the two equivalent configurations, producing a closely spaced 

pair of tunneling states. Moreover, the motion shown inverts μb, but not μa or μc, where g 

is the dipole moment component along the g-inertial axis (see Figure 5.1). Thus, we 

anticipate that a- and c-type rotational transitions occur within a tunneling state, 

producing a doubling of their spectra (one set for each state). Conversely, the b-type 

transitions cross from the ground to the excited tunneling state and provide a direct 

measure of the tunneling splitting.  
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Figure 5.2 Depiction of Possible py-H2O Internal Motions 
(a) Depiction of the in-plane rocking motion in py–H2O from M06-2X/6-311++G(3df,3pd) 

calculations. (b,c,d) Possible water-centered motions. Calculated barrier heights are reported for 
each motion. 

Experimental 

The vapor above a 5:1 mixture of py:H2O was entrained in Ar and expanded at a 

stagnation pressure of 2 atm into our tandem chirped-pulse, cavity Fourier transform 

microwave spectrometer.
31

  A 3D-printed slit nozzle
5
 (0.0085 x 1.25) was used to 

increase the signal-to-noise ratio. Chirped-pulse spectra between 6 and 18 GHz were 

taken in 3 GHz segments and line frequencies were measured to ~40 kHz. Subsequently, 

high resolution cavity measurements were made, which had a spectral resolution of ~4 

kHz. 
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Microwave Spectrum 

Initially, a chirped-pulse spectrum from 6-18 GHz permitted the assignment of a series of 

R-branch a-type K1 = 0 transitions belonging to the ground state, but despite substantial 

efforts, no additional transitions could be identified based on a semi-rigid rotor model. 

An analogous K-1 = 0 fit was obtained for pyD2O.  Eventually, a comparison of the 
14

N 

nuclear hyperfine structure obtained by re-measuring transitions on the cavity 

spectrometer provided the key for identifying transitions involving K1 = 1 for both 

isotopologues, Figure 5.3.  These transitions were far removed from predictions based on 

a semi-rigid rotor Hamiltonian, sometimes by hundreds of MHz, indicating that the 

spectra were highly perturbed.  Such perturbations between tunneling states are common, 

though their severity in this case was extraordinary.  

 

 

Figure 5.3 Comparison of the 313 - 212 Transitions for H2O – and D2O – pyridine 
Cavity spectra of the 313-212 transitions for H2O – and D2O – pyridine complexes.  While the exact 

hyperfine structure is not identical, the general pattern was similar enough to identify them as the 
same transition.  The extra splitting in the H2O spectrum is discussed further on in the chapter. 

 

Further analysis of the chirped-pulse spectrum led to the identification of transitions 

belonging to the excited tunneling state. The severity of the perturbation is illustrated in 

Figure 5.4, where it is seen that the relative positions of the ground and excited state 
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transitions is a strong function of the rotational quantum number, J. Nonetheless, the 

spectra were readily fit using Pickett’s SPFIT program
144

 to a Hamiltonian of the form 

 

   𝐻 =  𝐻𝑅𝑜𝑡 + 𝐻𝐶𝐷 + 𝐻𝐼𝑛𝑡 + 𝐻𝑇𝑢𝑛 +  𝐻ℎ𝑓𝑠       (1) 

where  

   𝐻𝐼𝑛𝑡 = 𝐹𝑎𝑏(𝑃𝑎𝑃𝑏 + 𝑃𝑏𝑃𝑎)       (2) 

 

HRot and HCD are the rigid rotor and Watson A-reduced centrifugal distortion 

Hamiltonians, respectively and HInt is the interaction term between the two states with the 

Coriolis coupling constant Fab. HTun is the energy separation between the states, ΔE, and 

is added only for the upper state. Hhfs describes the 
14

N nuclear hyperfine structure. The 

resulting constants provided accurate predictions for transitions involving K1 = 2 of both 

tunneling states as well as three b-type transitions that cross between the tunneling states. 

c-type transitions were not observed despite the large calculated value of c (1.2 D). A 

number of py-H2O transitions, particularly those involving K1 > 0 in the excited state, 

showed a small doubling, typically between 20 and 500 kHz, as illustrated in Figure 5.5. 

For those lines, the most intense set of components was selected for analysis. In the final 

fit of all assigned lines,
215

 a small distortion term, FabJ  J(J+1), was added to Fab. The 

rms residuals were excellent, 15 and 20 kHz for the H2O and D2O fits, respectively, 

though a few residuals were as large as 52 and 84 kHz for the H2O and D2O fits, 

respectively. Spectroscopic constants are given in Table 5.1. The fitted rotational 

constants are seen to be in good agreement with DFT results, though the inertial defects 

are somewhat large.  
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Figure 5.4 Chirped-Pulse Spectra of py-H2O K=0 Transitions  
Five 100 MHz segments of the py–H2O chirped-pulse spectrum showing the a-type K=0 

rotational transitions for the ground (black) and excited (black dotted) states. The K=0 ground 

state intensities were normalized to facilitate comparison of relative intensities. Dotted gray 

transitions were assigned to other py-H2O rotational transitions.   

 
Figure 5.5 Cavity Spectra of py - H2O 

Cavity spectra of the 312211 transition for the ground (upper) and excited (lower) states. 
14

N 

hyperfine structure is evident. The excited state clearly displays a second set of transitions, 

marked with ◊ and offset by 270 kHz from the more intense set of transitions marked with ●. 

Similar structure in the ground state appears as barely resolved shoulders.  
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Table 5.1 Spectroscopic Constants for PyH2O and PyD2O
a
 

 
PyH2O

b 
PyD2O

b,c
 

Theoretical 

PyH2O
d 

A/MHz 5932.09(12) 5906.45(12) 6001 (1.2) 

B/MHz 1495.6117(57) 1403.7800(60) 1514 (1.2) 

C/MHz 1171.4302(57) 1115.6702(64) 1212 (3.5) 

ΔID /amu∙Å
2 e

  8.3 7.4 -1.0 

A/MHz 5912.50(38) 5868.68(34)  

B/MHz 1498.5063(77) 1407.1414(73)  

C/MHz 1172.2425(69) 1116.6034(62)  
14

N χaa/MHz 4.352(11) 4.401(15)  
14

N (χbb – χcc)/MHz 1.787(31) 1.900(88)  
14

N χaa/MHz -4.525(17) 4.511(37)  
14

N (χbb – χcc)/MHz 1.81(14) 1.81(19)  

ΔJ/kHz 1.275(33) 1.074(32)  

ΔJ/kHz 1.107(29) 0.917(29)  

δJ/kHz 0.399(19) 0.335(17)  

δJ/kHz 0.357(30) 0.278(27)  

ΔJK/kHz 12.2(11) 10.54(91)  

ΔJK/kHz 45.9(16) 46.7(14)  

δK/kHz 9.6(28) 8.0(30)  

δK/kHz 28.4(36) 23.9(30)  

ΔE/MHz 10404.45(12) 13566.94(12)  

Fab/MHz 417.1488(70) 383.1749(75)  

FabJ/kHz 7.91(18) -7.01(17)  

RMS/kHz 15 20  

N 133 123  

(a)  Double and single primes refer to the lower and upper states, respectively. 
(b)  For rotational transitions with additional doubling, the most intense set of components 

was selected.  

(c)  Deuterium hyperfine structure was too collapsed to analyze. 

(d) The values in parentheses are the percent change from the experimental ground state 
values.  

(e)  Δ𝐼𝐷 =
ℎ

8𝜋2
(

1

𝐶
−

1

𝐴
−

1

𝐵
) 
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The observed b-type transitions provide direct, unambiguous measures of E.  

Remarkably, however, E increases upon deuteration, counter to expectation were it 

purely the tunneling energy associated with the motion of Figure 5.2a. A clue to the 

origin of this anomaly may lie in the additional doubling of some of the spectra noted 

above, as these “extra” splittings reveal the existence of tunneling states associated with 

another pair of equivalent configurations. The absence of c-type transitions at their rigid 

rotor locations suggests a motion that inverts c, causing either the average of c (and 

hence the corresponding intensities) to vanish or requiring the c-type transitions to cross 

an associated tunneling doublet, thus displacing them from their predicted positions by an 

unknown amount. Two possible motions are a cross-plane wag of the free water 

hydrogen or a rotation of the water about an axis perpendicular to its plane that 

interchanges the bound and free hydrogens (Figure 5.2b and 5.2c).  Further DFT 

calculations revealed 0.07 and 2.23 kcal/mol barriers for these motions, 

respectively.  However, if the equilibrium geometry is planar, the vibrationally averaged 

μc would be zero, presenting a third scenario in which the second pair of tunneling states 

arises from an exchange of the hydrogens by a rotation of the water about its C2 axis 

(Figure 5.2d). In any case, the existence of a second motion is supported by the second 

set of splittings, a few abnormally large residuals, and the rather high inertial defect.    

 

Figure 5.6 illustrates how a second large amplitude motion could produce the anomalous 

isotopic dependence of E. Two splittings are shown: E1 arises from motion along the 

coordinate of Figure 5.2a; E2 and E2 arise from the water-centered internal motion 

and may differ for the upper and lower states of the rocking motion. The E determined 

in this work is a composite quantity, viz. E = E1 + (E2-E2’)/2. While E1, E2, and 

E2 should all decrease slightly upon deuteration, E2 and E2 will be more sensitive 

and may change by different amounts. If the change in (E2E2’)/2 offsets that in E1, 

an anomalous isotope dependence can be realized. While quantitative details of the 

diagram remain to be clarified, it serves to illustrate the complexity than can pervade 

systems with multiple large amplitude motions.  
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Figure 5.6 Qualitative Energy Diagram Resulting from Multiple Internal Motions 
Qualitative energy diagram illustrating the effect of a second, water-centered tunneling motion on 

the observed value of E. Tunneling energies are only labeled for the H2O species. E measured 

in this work is between the ground and excited rocking states with no change from ground to 

excited water-related levels. 

 

Conclusion  

In summary, the pyH2O complex has been studied by microwave spectroscopy and 

density functional theory. The system has a nonlinear NHO hydrogen bond and a 

binding energy of 7.0 kcal/mol. Unusually strong perturbations in the spectrum reveal 

complex internal dynamics that include a rocking between equivalent configurations in 

the heavy atom plane. Cross-plane wagging of the free water hydrogen and/or a 

hydrogen-exchanging internal rotation of the water unit are also implicated. Two pairs of 

tunneling states are observed and the compound motions likely give rise to an unexpected 

isotope dependence of measured tunneling energies. This feature should provide a 

challenging test case for theoretical treatments of multidimensional large amplitude 

dynamics. Future work should focus on accessing additional tunneling states (Figure 5.6) 

to further define the water-centered motion, and on elucidating the effects of the double 

well potential and facile tunneling dynamics on the photophysics of aqueous pyridine. 
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Chapter 6 : Effects of a Remote Binding Partner on the Electric Field 

and Electric Field Gradient at an Atom in a Weakly Bound Trimer 
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Abstract 

Microwave spectra are reported for the C3v symmetric complexes KrSO3 and 

KrSO3CO. The SC distance in the trimer, 2.871(9) Å, is the same as that previously 

determined for SO3CO to within the estimated uncertainties. The KrS distances are 

3.438(3) Å and 3.488(6) Å in Kr-SO3 and KrSO3CO, respectively, indicating that the 

addition of CO to KrSO3 increases the KrS distance by 0.050(9) Å. Measurements of 

the 
83

Kr nuclear quadrupole coupling constants provide direct probes of the electric field 

gradient at the Kr nucleus, and a comparison between the two systems reflects the degree 

to which the CO influences the electronic structure of the krypton atom. Although the Kr 

and CO in the trimer are on opposite sides of the SO3 and thus are not in direct contact, 

the addition of CO to KrSO3 reduces the electric field gradient at the Kr nucleus by 

18%. Calculations using the Block Localized Wavefunction decomposition method are 

used to understand the physical origins of this change. While the magnitudes of both the 

electric field and the electric field gradient at the Kr nucleus decrease upon addition of 

the CO to KrSO3, the changes are shown to arise from rather complex combinations of 

geometrical distortion, electrostatic, polarization, and electron transfer effects. For the 

electric field, the electrostatic term accounts for the largest portion of the reduction, while 

for the electric field gradient, polarization and structural change of the KrSO3 moiety 

make the primary contributions. Despite significant changes in the electronic 

environment at the Kr nucleus, calculated binding energies indicate that the interactions 

are largely additive, with the binding energy of the trimer very nearly equal to the sum of 

the KrSO3 and SO3CO binding energies.  
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Introduction 

Understanding how the properties of isolated molecules evolve into those of condensed 

matter is an important goal of cluster science.
217,218

 While studies of dimers directly probe 

pairwise interactions, investigations involving trimers and larger clusters contain 

information about many-body interactions. Experiments that compare the properties of a 

trimer with those of its constituent dimers speak directly to the role of cooperative 

interactions in clusters and as such, provide information that is, at least in principle, 

transferrable to detailed descriptions of liquids, solids, and solutions. 

In this work, we explore the influence of a remote binding partner on the interaction 

between two moieties in a weakly bound trimer. Specifically we investigate the effect of 

an added CO molecule on the Kr atom in the complex KrSO3. The CO is “remote” in 

this context in that, as shown below, the trimer has the C3v symmetric structure 

KrSO3CO. Thus, the CO is on the side of the SO3 opposite the krypton and is not in 

direct contact with it. We examine the effect of the CO on the KrS interaction using 

microwave spectroscopy to determine both the KrS distance and the 
83

Kr nuclear 

quadrupole coupling constant. The latter is directly proportional to the electric field 

gradient at the krypton nucleus and thus provides a sensitive measure of the changes in its 

electronic environment that occur upon complexation. The experimental work is 

complemented with a theoretical study using the Block Localized Wavefunction 

method,
219-221

  which permits the quadrupole coupling constant to be decomposed into 

physically meaningful contributions. In particular, we examine both the electric field and 

electric field gradient at the Kr nucleus through a series of calculations which partition 

these quantities into contributions from geometric distortion, electrostatic interactions, 

polarization, and electron transfer. The dimer KrSO3 is also studied in this work, both 

experimentally and theoretically, in order to provide a basis for comparison. While the 

dipole moment of KrSO3 has been measured (0.369 D),
222

 the KrS bond length and 

83
Kr quadrupole coupling constant have not been previously determined and thus, this 

work adds to our knowledge of that complex as well.  
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Our choice of these somewhat exotic clusters follows from a series of prior studies 

performed in our laboratory which have focused on simple complexes of SO3 and BF3. 

We have shown that, with a series of suitably chosen bases, the interactions of these 

simple Lewis acids can span the entire range between van der Waals and chemical 

bonding. 245F

223,
246F

224
 Moreover, the structure and bonding of such systems are extraordinarily 

sensitive to near-neighbor interactions,
223,224

 and indeed several of our prior reports have 

investigated the effects of adding both highly polar and weakly polar neighbors such as 

HCN, CO, and Ar on the properties of SO3 and BF3 containing dimers. Examples include 

the complexes ArSO3CO, 247F

225
 ArSO3HCN, 248F

226
 HCNSO3CO,

226
 

HCNHCNSO3, 249F

227
 and HCNHCNBF3. 250F

228
 To get the most information about these 

types of systems, however, we would like to fully exploit the nuclear quadrupole 

interactions described above as a probe of electronic structure. While the 
14

N in these 

systems does exhibit nuclear quadrupole interactions, the values of the observed coupling 

constants are convoluted with the effects of large amplitude angular vibrational motion of 

the HCN. Moreover, there are no common isotopes of argon with the nuclear spin 

necessary to produce nuclear quadrupole coupling. The use of atomic 
83

Kr, with nuclear 

spin of 9/2 and a natural abundance of 11.6%, alleviates both of these difficulties by 

permitting the observation of nuclear quadrupole coupling without the accompanying 

complications of large amplitude motion. Thus, this study provides an unambiguous 

probe of electronic structure which has not been available for other related systems. 

Experimental and Results 

Spectra were recorded between 3.2 and 5.7 GHz using the pulsed-nozzle Fourier 

transform microwave spectrometer described elsewhere.
31,49

  KrSO3 was produced from 

a mixture of 12 % Kr in Ar that had been passed over a sample of polymerized SO3 at 0 

C and expanded through a 0.8 mm diameter nozzle at a stagnation pressure of 2.7 atm. 

To produce KrSO3−CO, CO at a concentration of ~1% was added to the mixture and the 

optimum stagnation pressure was found to be 3.4 atm. The nozzle was pulsed at a rate of 

4 Hz, and four free induction decay signals were collected per pulse. Spectra were easily 

located using rotational constants estimated on the basis of standard van der Waals radii 



102 

 

of Ar and Kr, and the known weak bond distances in ArSO3 (3.350 Å) 252F

229
 and SO3−CO 

(2.854 Å).
225 

Observed transition frequencies and their assignments are provided in 

Appendix F and a sample spectrum of the trimer is shown in Figure 6.1. 

 

Figure 6.1 Cavity Spectrum of 
83

Kr-SO3-CO 

A portion of the spectrum of 
83

KrSO3CO, showing hyperfine structure in the J = 3  4, K = 0 

transition. F assignments are from left to right 13/215/2, 15/217/2, and 11/213/2. The 

natural abundance of 
83

Kr is 11.6%. This spectrum represents 1000 seconds of signal averaging 

time. The large feature at 3308.0 MHz is an instrumental artifact at the cavity frequency. 

Observed spectra of both complexes were those of a symmetric top, but because the 

oxygens have a nuclear spin of zero, only K = 0, ±3, ±6, etc. exist.253F

230
 Moreover, only K = 

0 and ±3 states were observed in this work due to the range of J values observed and due 

to cooling of the higher K states in the supersonic jet. Using estimated isotope shifts and 

known natural abundances of the Kr isotopes, the different Kr isotopologues of each 

complex were readily identified. 
34

S spectra were measured in natural abundance, and 

13
CO spectra were obtained with an isotopically enriched sample (Cambridge Isotope 

Laboratories, 99 atom percent 
13

C). Spectra were fit for each isotopologue to a symmetric 

top energy expression,  

 𝐸 = 𝐵𝐽(𝐽 + 1) − 𝐷𝐽𝐽2(𝐽 + 1)2 − 𝐷𝐽𝐾𝐽(𝐽 + 1)𝐾2 + EQ         (1) 
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using the SPFIT program of Pickett.
144

 Here, EQ is the energy associated with the 

nuclear quadrupole interaction, and was only included for species containing 
83

Kr. Other 

symbols in equation 1 have their usual meanings.
230

 The resulting spectroscopic constants 

are given in Table 6.1 and the residuals from the fits are also included in Appendix F.  

Table 6.1 Spectroscopic Constants of Kr-SO3 and Kr-SO3-CO 

Isotope B, MHz DJ, kHz DJK, kHz
a 

eQq (
83

Kr), MHz 
82

Kr-
32

SO3
b 

956.59017(46) 1.833(26)   
83

Kr-
32

SO3
 

951.43967(30) 1.846(18)  20.2229(45) 
84

Kr-
32

SO3
b 

946.42217(21) 1.833(12)   
84

Kr-
34

SO3
b 

935.76595(20) 1.775(11)   
86

Kr-
32

SO3
b 

936.69977(31) 1.783(18)   
86

Kr-
34

SO3
b 

926.01973(91) 1.717(56)   
 

    
82

Kr-
32

SO3-
12

CO
 

415.60982(15) 0.1696(25) 1.8460(90)  
83

Kr-
32

SO3-
12

CO 
 

413.50359(11)
 

0.1696
c 

 16.646(57) 
84

Kr-
32

SO3-
12

CO
 

411.44689(39) 0.17090(49) 1.7950(25)  
86

Kr-
32

SO3-
12

CO
 

407.44753(37) 0.1658(61) 1.776(21)  
82

Kr-
32

SO3-
13

CO
 

410.61632(22) 0.1665(36) 1.744(13)  
83

Kr-
32

SO3-
13

CO
  

408.52718(24) 0.1665
d 

 16.79(17) 
84

Kr-
32

SO3-
13

CO
 

406.48650(17) 0.1668(21) 1.752(11)  
86

Kr-
32

SO3-
13

CO
 

402.51967(30) 0.1758(51) 1.727(18)  

(a) DJK was determined for isotopolgues where more than one K state was observed.   

(b) Constants for these isotopologues were calculated by hand because only two transitions 

were determined.  Error was propagated from the error in the transition frequencies.   

(c) Held fixed at the 
82

Kr
32

SO3
12

CO value. 

(d) Held fixed at the 
82

Kr
32

SO
3


13
CO value. 

Structural Analysis 

The coordinates used to specify the structures of KrSO3 and KrSO3CO are defined in 

Figure 6.2. As in our previous work on SO3CO and ArSO3CO,
225

 the geometry of the 

SO3 was assumed to be unchanged upon complexation. The C3 axis of the SO3 was 

allowed to undergo large amplitude vibrational motion through an angle, , and the CO 

(when present) was assumed to undergo similar motion through the angle . Since both 

complexes are symmetric tops,  =  = 0. Large amplitude, out-of-plane motion along 
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an azimuthal angular coordinate is also possible, but drops out of the problem for a 

symmetric top upon vibrational averaging.
146  

For each isotopologue of each complex, the 

zero-point, vibrationally averaged moment of inertia, Ibb, was estimated from its 

observed rotational constant with the usual neglect of vibrational averaging, viz, Ibb  

h/82
B, and related to the structural parameters of the complex.  

For KrSO3, Ibb  may be written
146,

256F

231
 

         (2) 

where Rcm is the center-of-mass distance (equal to the KrS distance), is the 

pseudodiatomic reduced mass, equal to 
33

/ SOKrSOKr MMM  , )( 3SO

ggI  is the moment of 

inertia of SO3 about its g-inertial axis, and the angular brackets denote vibrational 

averages. Thus, using values of )( 3SO

ggI obtained from the observed rotational constants of 

free SO3, 257F

232,
258F

233
 values of 

2/1
2

cmR  RKrS can be obtained from equation 2 once estimates 

of the angular vibrational amplitudes are made. For Ar
33

SO3, the effective angle, eff   








2/1
21 coscos  , was determined 259F

234
 from nuclear hyperfine structure to be 

15.6(+3.3/4.8). Since the 
33

S species were not observed in this work, eff for KrSO3 

cannot be obtained from the data but it is likely to be similar to that in ArSO3. Thus, the 

value of RKrS was obtained from a series of nonlinear least squares fits of all the isotopic 

moments of inertia, with eff held fixed at values of 10.8, 15.6, and 18.9(the range 

spanned by the uncertainties above). The reported value, 3.438(3) Å, is the average of the 

high and low values that resulted, with a quoted uncertainty representing the spread of the 

values obtained.  

   2)(2)(2 sin
2

1
cos1

2

1
33 SO

cc

SO

bbcmbb IIRI 
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Figure 6.2 Definition of Structural Coordinates for Kr-SO3 and Kr-SO3-CO 

For KrSO3CO, the vibrationally averaged moments of inertia, Ibb = Icc can also be 

written in terms of the coordinates defined in Figure 6.2, though the expressions are 

somewhat more complicated: 

〈Ibb〉=MKrR1
2
+MSO3

R2
2
+ MCOR3

2
+ (

1

2
) 𝐼𝑏𝑏

(𝐶𝑂)[1+〈cos2γ〉]+ 

(
1

2
) 𝐼𝑏𝑏

(𝑆𝑂3)[1 + 〈𝑐𝑜𝑠2𝜒〉] + (
1

2
) 𝐼𝑐𝑐

(𝑆𝑂3)[〈𝑠𝑖𝑛2𝜒〉] 

 

 

(3) 

R1, R2, and R3 are related to the KrS and SC distances as follows, 

𝑅1 = 𝑅𝐾𝑟−𝑆 −  𝑅2 

𝑅2 =
1

𝑀
[𝑀𝐾𝑟𝑅𝐾𝑟𝑆 −  𝑀𝐶𝑂(𝑅𝐶𝑆 + 𝑟1)] 

𝑅3 = 𝑅𝐶𝑆 +  𝑅2 +  𝑟1 

(4) 

(5) 

(6) 

and MKr, MCO, and M are the mass of the krypton atom, the mass of CO, and the total 

mass of the complex, respectively. For SO3CO, the values of eff and eff have been 

estimated to be 11.4(+4.4/10.1) and 6.5(1.5), respectively.
225 

Using these values and 
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ranges, substitution of equations 4 – 6 into equation 3 allows the best values of RKrS and 

RSC to be determined via a nonlinear least squares analysis of the moments of inertia for 

the isotopic species observed. The results are RKrS = 3.488(6) Å and RCS = 2.871(9) Å, 

where the quoted uncertainties are the standard errors in the least squares analysis which, 

in this case, exceeded the uncertainty introduced by the ranges in the estimated values of 

eff and eff.  Note that the successful inclusion of 
13

C substitution data in the fit confirms 

that the carbon of the CO, not the oxygen, is directed toward the SO3. The structural 

results for both complexes are summarized in Table 6.2, where it may be seen that the 

addition of CO to KrSO3 lengthens the KrS distance by 0.050(9) Å. The structures are 

illustrated in Figure 6.3, which also indicates the observed values of the 
83

Kr quadrupole 

coupling constants. 

 

Figure 6.3 Structural Results for Kr-SO3 and Kr-SO3-CO 

Structural results for KrSO3 and KrSO3CO determined from observed rotational constants, 

with observed 
83

Kr nuclear quadrupole coupling constants also indicated. 
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Table 6.2 Experimental Structural Parameters for Kr-SO3 and Kr-SO3-CO 

Structural Parameter KrSO3 KrSO3CO 

RKrS [Å] 3.438(3) 3.488(6) 

RSC [Å]  2.871(9) 

 [deg]
a
 15.6(+3.3/4.8) 11.4(+4.4/10.1) 

 [deg]
a
  6.5(15) 

(a) Assumed value.  See text for discussion.  

Theoretical Methods and Results 

A striking result from Table 6.2, one which forms an important focus of this paper, is that 

the 
83

Kr nuclear quadrupole coupling constant in KrSO3 reduced by 18% upon addition 

of the CO to the opposite side of the SO3. In order to gain a better understanding of the 

origins of this effect, a series of theoretical calculations was performed using the 

GAMESS package of programs. 260F

235
 First, the geometries of both KrSO3 and 

KrSO3CO were optimized using density functional theory (DFT) with the M06-2X 

functional
236

 and cc-pVTZ basis set. For comparison, the PBE-D
237,238

 functional was 

also used with the same basis set. The important results, including van der Waals bond 

lengths, binding energies, and electric fields and field gradients along z at the Kr nucleus, 

Ez and q, respectively, are summarized in Table 6.3. The latter quantity is the zz 

component of the electric field gradient tensor, (E)zz, where throughout  this work,  the  

positive z-axis is taken to be along the C3 axis of the complex, in the direction from sulfur 

to krypton. Note that the measured values of “eQq” are, in fact, eQqaa, where “a” refers 

to the a-inertial axis of the complex. However, since these complexes are prolate 

symmetric tops, and a-axis is the same as the z-axis used in the DFT calculations and 

thus, q = qzz = qaa. Therefore, theoretical values of the 
83

Kr nuclear quadrupole coupling 

constants were readily obtained by multiplying the calculated values of qzz, by eQ (where 

e is the charge of an electron and Q = 0.259 b 263F

239
 is the nuclear quadrupole moment of 

83
Kr), and converting to MHz.  The binding energies in Table 6.3 were calculated with 

and without the counterpoise (CP) correction
52

 for basis set superposition error (BSSE). 

Complete sets of Cartesian coordinates at the optimized geometries are provided in 

Appendix F.  
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Table 6.3 Properties of Kr-SO3 and Kr-SO3-CO  

Kr-SO3 

Parameter 
M06-2X/ 

cc-pVTZ
a
 

%Error 
PBE-D/ 

cc-pVTZ
b
 

%Error Experiment 

RKr-S (Å) 3.298 -4.1% 3.495 +1.7% 3.438(3) 

BE (kcal/mol)
c
 1.30(1.57)  1.38(1.61)   

Ez (au)
d 

0.002895  0.001935   

q (au)
d
 -0.459282  -0.360867   

eQq (MHz)
e
 27.95 +38% 21.96 +8.6% 20.2229(45) 

Kr-SO3-CO 

RKr-S (Å) 3.341 -4.2% 3.572 +2.4% 3.488(6) 

RS-C (Å) 2.834 -1.3% 2.742 -4.5% 2.871(9) 

BE (kcal/mol)
c 

4.06(4.46)  3.80(4.40)   

Ez (au)
d
 0.002412  0.001336   

q (au)
d 

-0.387885  -0.257832   

eQq (MHz)
e
 23.61 +42% 15.69 -5.7% 16.646(57) 

(a) Calcualted at the DFT level with the M06-2X funcational and cc-pVTZ basis set. 

(b) Calculated at the PBE-D functional and cc-pVTZ basis set.  

(c) The binding energy for KrSO3 is relative to Kr + SO3. The binding energy for KrSO3CO 

is relative to KrSO3 + CO. Values not in parentheses are CP corrected. Values in 

parentheses are uncorrected for basis set superposition error. 

(d) Electric fields and electric field gradients are at the Kr nucleus. The positive z direction is 

along a vector from S to Kr. q is equal to the zz component of the electric field gradient tensor. 

(e) Nuclear quadrupole coupling constant for the 
83

Kr isotopologues was calculated using a 
83

Kr 

nuclear quadrupole moment of 0.259 b [Ref. 239]. 

Although not included in Table 6.3, the binding energy of SO3CO was also determined 

for later use in assessing the degree to which the constituent dimer bond energies are 

additive. Using the M06-2X and PBE-D functionals, with corrections for BSSE, the 

binding energies of COSO3 relative to CO + SO3 are 4.16 kcal/mol and 4.00 kcal/mole, 

respectively.  These are in good agreement with the 3.92 kcal/mol value previously 

obtained from CP-corrected MP2/aug-cc-PVTZ calculations.
225

 The calculated SC weak 

bond distances are 2.834 Å and 2.742 Å with the M06-2X and PBE-D functionals, 

respectively, both in reasonable agreement with the experimental value of 2.854(12) Å.
225

  

Examination of Table 6.3 reveals that overall, the PBE-D functional performs better for 

KrSO3 and KrSO3CO in terms of reproducing the experimentally determined 

quantities (i.e., weak bond lengths and nuclear quadrupole coupling constants). For 



109 

 

example, the KrS bond distances obtained using the PBE-D functional are within 2.5% 

of the experimental values for KrSO3 and KrSO3CO, respectively, while those 

obtained from the M06-2X are both smaller than the experimental values by about 4%. 265F

240
 

Only the SC distance in KrSO3CO is better reproduced by the M06-2X functional. 

For the 
83

Kr quadrupole coupling constants, the M06-2X results are 38-42% too large, 

while those obtained with the PBE-D function are within ~9% of the experimental values 

(9% high for the dimer and 6% low for the trimer). 

The reduction in eQq of the 
83

Kr upon addition of CO is consistent with the observed 

lengthening of the KrS bond since it is clear that in the limit of infinite separation, the 

krypton atom is spherically symmetric and thus the electric field gradient at the nucleus is 

identically zero. In order to provide a more detailed physical description of this effect, 

block-localized wavefunction (BLW) computations were performed. The BLW method is 

the most efficient variant of the ab initio valence bond (VB) theory
219-221

 and can define 

electron localized states self-consistently. Further, the intermolecular interaction can be 

decomposed into a few physically meaningful contributions from geometric distortion, 

electrostatic interactions (including Pauli exchange), polarization, and electron transfer 

effects. 266F

241,
267F

242
 Calculations were done using both the M06-2X and PBE-D functionals, but 

in light of the superior performance of the latter in reproducing the observed quadrupole 

coupling constants, only the PBE-D results are reported here. The results with the M06-

2X functional, though quantitatively somewhat different, were qualitatively very similar 

to those described below.  

Detailed descriptions of the BLW method and its implementation are given elsewhere.
219-

221,241-243
 Briefly, the formation of a complex is envisioned as taking place via a sequence 

of well-defined steps. First, calculations are performed for the isolated moieties at their 

optimized geometries in the complex. Any changes in physical properties relative to 

those of the fully optimized moieties provide a measure of the components of the overall 

interaction that are due to geometrical distortion of the individual moieties upon 

complexation. Next, the moieties are brought together without disturbing their individual 

electron densities, and an initial block-localized wavefunction is constructed. Here, any 
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change in the energy, electric field, or electric field gradient is attributed to the mutual 

electrostatic interaction (including Pauli repulsion). In a third step, electron distributions 

of the individual moieties are allowed to relax in response to the electric field of the 

interacting partner, but without electron transfer between them, and the resulting changes 

correspond to the contributions from polarization. Finally, electrons are allowed to flow 

freely between the interacting species, yielding a final state in which molecular orbitals 

are delocalized over the entire system. The changes in calculated properties incurred in 

this step correspond to the contributions from electron transfer.  

Of interest for KrSO3 and KrSO3CO are values of the z-components of the electric 

field, Ez, and electric field gradient, q, at the Kr nucleus. As noted above, the positive z-

axis is defined here to be along the vector pointing from S to Kr and, for a free krypton 

atom, the values of Ez and q are identically zero. Upon formation of a complex, no 

structural change is possible in the Kr and thus, any changes in the KrSO3 attributable to 

geometrical distortion can only arise from deformation of the SO3. For KrSO3, however, 

these turn out to be negligible. Thus, the first significant step in the decomposition 

corresponds to bringing the two moieties together and determining the electrostatic term. 

The remaining contributions to Ez and q from polarization and electron transfer were 

calculated as described above, and the results are given in Table 6.4. Also included in the 

table are the energetic changes which occur at each step of the BLW decomposition, as 

well as the 
83

Kr nuclear quadrupole coupling constants. 

For KrSO3CO, the isolated moieties correspond to KrSO3 and CO, and the resulting 

decomposition provides a description of the effect of the CO on the KrSO3.  Here, 

geometry change within the KrSO3 unit is more significant, and largely corresponds to 

the lengthening of the KrS van der Waals bond length which is both observed 

experimentally and reproduced theoretically. The results of the BLW decomposition are 

also given in Table 6.4. 

BLW calculations on the SO3CO complex were also performed for completeness. The 

complex does not contain quadrupolar nuclei and thus electric fields and electric field 
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gradients were not determined. However, a decomposition of the binding energy is 

meaningful. The contributions to the overall binding energy of the complex at the PBE-

D/cc-pVTZ level are as follows: Geometry change (0.17 kcal/mol); Electrostatic/Pauli 

(4.22 kcal/mol); Polarization (1.44 kcal/mol); Electron transfer (6.95 kcal/mol). With 

the largest contributions arising from the electrostatic/Pauli and electron transfer terms, 

these values sum to the overall binding energy of  4.00 kcal/mol value given above. 

Note that this value is the result of significant cancellation among contributing terms. 

Table 6.4 BLW Decomposition Results for Kr-SO3 and Kr-SO3-CO
a 

 Ez (a.u)
b
 q (a.u.)

b
 eQq (MHz) Energy Change (kcal/mol)

c
 

Kr-SO3 

Isolated Kr 0 0 0  

Geometry Change
d
 0 0 0 0.00 

Electrostatic/Pauli
e
 0.005885 0.080789 4.92 0.11 

Polarization
f
 0.001537 0.167596 10.20 0.20 

Electron transfer
g
 0.001935 0.360867 21.96 1.07 

Kr-SO3-CO 

Optimized KrSO3 0.001935 0.360867 21.96  

Geometry Change
h
 0.001745 0.310417 18.89  0.18 

Electrostatic/Pauli
i
 0.001303 0.306393 18.65  3.72 

Polarization
f
 0.001459 0.269893 16.42 1.30 

Electron transfer
g
 0.001336 0.257832 15.69 6.40 

(a) Calculated at the DFT level with the PBE-D functional and cc-pVTZ basis set. 

(b) Electric fields and electric field gradients are at the Kr nucleus. The positive z direction is 

from S to Kr.  

(c) Change relative to previous row.  

(d) Separated Kr and SO3 with SO3 at its geometry in the KrSO3 dimer.  

(e) Kr and SO3 brought together at the KrSO3 geometry without perturbation of the individual 

moieties’ electron densities.  

(f) Polarization allowed, but no electron transfer.  

(g) Electron transfer between moieties permitted. 

(h) Separated KrSO3 and CO at their geometries in the KrSO3CO trimer. 

(i) KrSO3 and CO brought together at the KrSO3CO geometry without perturbation of their 

individual electron densities. 

Both the polarization and electron transfer effects can be visualized by electron density 

difference (EDD) maps, which are shown in Figure 6.4. Figures 6.4a and 6.4b depict 

changes occurring when the KrSO3 complex is formed. Figures 6.4c and 6.4d show the 
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changes in KrSO3 and CO resulting from their union to form the trimer. The red and 

blue regions of the maps refer to gain and loss of electron density, respectively. It is 

apparent that both polarization and electron transfer cause significant redistribution of 

electron density on the krypton atom upon formation of KrSO3. On the other hand, upon 

addition of CO to KrSO3, polarization produces much larger changes in the electron 

density on krypton than does electron transfer, which is not even visible on the diagram. 

However, significant changes can be seen on the SO3 and CO moieties from both 

polarization and electron transfer. 

 

Figure 6.4 Electron Density Difference (EDD) maps 

Electron density difference (EDD) maps showing the electron density changes due to 

polarization (left) and electron transfer (right). (a,b) represent Kr + SO3; (c,d) represent 

KrSO3 + CO. The isovalue in all plots is 0.0001 a.u. 

Discussion 

The basic structural features of KrSO3 and KrSO3CO are in accord with expectation. 

The rare gas – sulfur distance in KrSO3 is longer than that in ArSO3
229

 by about 

0.088(4) Å, an amount that lies well within the range of expectation based on standard 

tables of van der Waals radii. 270F

244
 Moreover, as in the case of ArSO3, the rare gas – sulfur 

distance increases slightly upon addition of the CO (0.061 ± 0.012 Å for ArSO3 vs. 
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0.050 ± 0.009 Å for KrSO3) while SC distance shows no change within the estimated 

uncertainty upon addition of either Ar or Kr. As we have noted previously,
225

 it is 

sensible that the weak interaction of the SO3 with a rare gas would have negligible effect 

on the SO3CO interaction, while the more strongly interacting CO would compete with, 

and therefore weaken, the rare gas–SO3 interaction. Still, however, the observed changes 

are small and to a large extent, the two sides of the trimer show evidence of only very 

minor structural perturbation resulting from the presence of a binding partner on the other 

side. 

Comparison of the calculated binding energies also shows that the two halves of the 

dimer are essentially independent. Using the PBE-D functional with a cc-pVTZ basis set, 

CP-corrected the binding energy of KrSO3CO relative to Kr + SO3 + CO is 5.18 

kcal/mol, which is just 0.20 kcal/mol smaller than the sum of the binding energies for 

KrSO3 (1.38 kcal/mol) and SO3CO (4.00 kcal/mol). At the M06-2X/cc-PVTZ level, 

the additivity is even better, with the CP-corrected binding energy of the trimer (5.36 

kcal/mol) only 0.10 kcal/mol less than the sum of the KrSO3 and SO3CO binding 

energies at the same level (1.30 and 4.16 kcal/mol, respectively). Thus, to a very good 

approximation, the binding energies are additive.  

While the structures and binding energies appear to indicate negligible communication 

between Kr and CO across the SO3 moiety, the 
83

Kr quadrupole coupling constants offer 

a distinctly different picture. In particular, the addition of CO to 
83

KrSO3 produces a 

reduction of 18% in the nuclear quadrupole coupling constant. Since Kr is an atom, this 

reduction must arise solely from electronic effects (i.e., real changes in the electric field 

gradient at the Kr), as it can have no projective contributions due to changes in 

vibrational bending amplitude. Moreover, since the electric field gradient is identically 

zero in the free atom, the quadrupole coupling constants fully represent the changes that 

take place upon complexation. Note that the large change in the coupling constant is not 

inconsistent with the small bond length change and additive binding energies noted 

above. Rather, it reflects an exquisite sensitivity of the quadrupole coupling constants to 

subtle changes in the electron distribution, measured against what is, in effect, a “zero-
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background” (i.e., the zero value of the quadrupole coupling constant of a free 
83

Kr 

atom). 

Some perspective on the absolute magnitude of the 
83

Kr quadrupole coupling constants in 

KrSO3 and KrSO3CO can be gained by comparison with quadrupole coupling data 

obtained by Gerry and coworkers for a series of metal-halide containing systems. 

Complexes of Kr with CuF, 271F

245
 AgF, 272F

246
 AuF

246
, for example, have been examined, and 

convincing arguments based on bond lengths, stretching force constants, and quadrupole 

coupling constants, have led to the remarkable conclusion that the Kr – metal bonds in 

these systems are best described as weak chemical bonds. The 
83

Kr quadrupole coupling 

constants are 128.79 MHz, 105.401 MHz, and 189.97 MHz in 
83

KrCuF, 
83

KrAgF, and 

83
KrAuF, respectively, values which are significantly larger than those observed here. 

This underscores the conclusion from both binding energies and bond lengths that 

KrSO3 and KrSO3CO are “weakly bound”.  Still, however, the perturbation of the 

electronic environment at the Kr in these complexes is not insignificant, amounting to 9 – 

19% of that observed in the case of the Kr-metal bonds. In contrast, the 
83

Kr quadrupole 

coupling constant in KrHCl273F

247
 is only 5.2 MHz, or about 3 – 5% of the values in the Kr-

metal bonds.  

The remaining question to be answered from this work concerns the physical origins of 

the observed coupling constants and here, the BLW decomposition is most useful. 

Figures 6.5 and 6.6 graphically display the physical contributions to Ez and q (plotted as 

eQq) that are given in Table 6.4. For KrSO3, Ez contains a large, positive contribution 

from the electrostatic/Pauli repulsion term, which is then substantially reduced by 

polarization. Electron transfer increases the field somewhat, but only slightly. The 

quadrupole coupling constant, on the other hand, has a moderate, negative contribution 

from the electrostatic/Pauli term, which is then rendered positive by large contributions 

from both polarization and electron transfer.  

The addition of CO to KrSO3 decreases both the electric field and the quadrupole 

coupling constant at the krypton nucleus, but for somewhat different reasons. The 
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reduction in Ez at Kr upon addition of CO is seen to arise predominantly from a 

combination of distortion (i.e., lengthening of the KrS bond) and electrostatic terms, 

with polarization and electron transfer producing smaller contributions which almost 

exactly cancel. For the quadrupole coupling constant, all four terms work in concert to 

reduce the value relative to that in KrSO3. However, the dominant contributions come 

from geometrical distortion and polarization, with much smaller electrostatic and electron 

transfer terms.  

It is clear that the individual physical effects described above combine in a rather 

complicated way to produce the observed quadrupole coupling constants and the 

calculated electric field strengths. Thus, a simple picture based on the action of the SO3 

quadrupole moment and/or the SO3CO dipole moment on a polarizable krypton atom is 

insufficient to understand the observed coupling constants. This is in contrast with the 

complexes KrHCl and KrHCN, for which the 
83

Kr coupling constants were directly 

proportional to the electric field gradient at the Kr nucleus calculated from electric 

multipole moments of the binding partners.
247

  It is interesting to note that, while a direct 

relationship between electron transfer and binding energy is not necessarily 

guaranteed, 274F

248,
275F

249
 the electron transfer is a major contributor to the overall binding 

energies of both KrSO3 and  KrSO3CO (Table 6.4). In contrast, however, while it 

plays a significant role in determining the electric field gradient at the Kr, it is only a 

minor contributor to the electric field itself, as well as to the changes incurred by addition 

of CO to the dimer. 
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Figure 6.5 Summary of the BLW Decomposition of Ez at the Kr Nucleus 
Diagram summarizing the BLW decomposition of the z-component of the electric field at the Kr 

nucleus. The arrows depict the sequence of electric field values computed at successive stages of 

the BLW decomposition, starting from Kr and proceeding to KrSO3 and KrSO3CO. The 

various physical components are labeled, except for KrSO3CO in the top half of the diagram. 

The bottom half is an expanded view of the KrSO3CO diagram which provides space for clear 

labeling. 
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Figure 6.6 Summary of the BLW Decomposition of eQq of 
83

Kr 
Diagram summarizing the BLW decomposition of the zz-component of the 

83
Kr nuclear 

quadrupole coupling constant, obtained from computed values of q. The arrows depict the 

sequence of values computed at successive stages of the BLW decomposition, starting from Kr 

and proceeding to KrSO3 and KrSO3CO. The various physical components are labeled, 

except for KrSO3CO in the top half of the diagram. The bottom half is an expanded view of the 

KrSO3CO diagram which provides space for clear labeling. 
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Conclusion 

The complexes KrSO3 and KrSO3CO have been studied experimentally by rotational 

spectroscopy and theoretically by the Block Localized Wavefunction (BLW) 

decomposition method. In KrSO3CO, the Kr and the CO approach the SO3 from 

opposite sides, forming a C3v symmetric complex. The KrS and SC distances are very 

similar to those in KrSO3 and SO3CO, respectively, and the binding energy of the 

trimer is very nearly equal to the sum of the binding energies for KrSO3 and SO3CO. 

Thus, from both structural and energetic perspectives, the interactions on the two sides of 

the SO3 appear to be independent. Measurements of the 
83

Kr nuclear quadrupole coupling 

constants, however, demonstrate that the electric field gradient at the Kr in KrSO3 is 

reduced by 18% upon addition of the CO to the other side of the SO3. Theoretical 

calculations indicate that both the electric field and the electric field gradient at the Kr are 

reduced by the presence of CO but that the reductions occur for different reasons. For the 

electric field, the effect is mainly electrostatic, accounting for ~75% of the reduction. For 

the electric field gradient, polarization and lengthening of the KrS bond make the 

primary contributions. 
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Appendix A : Supplemental Material for Chapter 1 

 

Experimental Conditions  

SO3 was pulsed into the microwave cavity through a 0.8 mm nozzle with an Ar 

stagnation pressure of 1.3 atm. Formic acid (~12% water) was added separately with Ar 

at 0.7 atm through a continuous flowline needle with an ID of 0.016” that terminated a 

few mm downstream of the expansion orifice.  For cavity experiments, the nozzle was 

pulsed at a rate of 4 Hz, and four free induction decay signals were collected per pulse 

with a data collection time of 140.8 μs.  Typically, ~2,000 fids were averaged for each 

cavity run.  For chirp experiments, ~50,000 fids were averaged.   

 

Computational Details 

Two separate protocols were used to generate the potential energy surface for the 

H2O, SO3, and HCOOH complexes.  For the DFT protocol, equilibrium geometries and 

transition state structures were evaluated using the M06-2X density functional, which has 

previously been shown to perform well for small pre-nucleation clusters.
250

  The M06-2X 

calculations were performed with the 6-311++G(3df,3pd) basis set and an ultrafine 

integration grid was used. Analytic vibrational frequencies were determined to verify the 

authenticity of stationary points and were subsequently used for the molecular partition 

functions necessary to compute the zero point vibrational energies, Figure A.3. The DFT 

potential energy surface was then validated with a highly accurate wave function 

protocol.  In the WF protocol, geometries were optimized using MP2/6-311++G(3df,3pd) 

and single point electronic energies were computed using CCSD(T) with the complete 

basis set extrapolation of Neese and Valeev between the ANO-pVDZ and AND-pTZV 

basis sets.
39 

 Zero point vibrational energies from the MP2 calculations were used to 

adjust the CCSD(T) single point energies, Figure 1.2.  The DFT and high accuracy WF 

protocol potential energy surfaces are in strong agreement for the formation of FSA, 

further emphasizing the reliability of the former calculations.  All subsequent calculations 

were done using the DFT protocol.  All DFT and MP2 geometry optimizations and 

frequency calculations were performed using the Gaussian09 Rev D.01 software 

package.
251 

 All CCSD(T) calculations were performed using the ORCA 3.0.3 software 

package.
252

 

Since previous theoretical work has been done on H2SO4∙∙∙HCOOH,
18

 no new 

geometries were tested and a calculation on the global minimum was done for 

computational consistency.  However, because the SO3∙∙∙HCOOH complex has not been 

previously considered, a few starting geometries were tested to find the global minimum.  

Four minima were found, two for both the trans- and cis- geometries of the HCOOH 

monomer.  These geometries, along with their associated energies, are in Figure A.4.  An 

isomer of FSA was also considered, in part to access if it might account for some of the 

unassigned transitions in the chirp spectrum.  The acidic proton was rotated away from 



144 

 

the formic tail and a minimum was found with the proton hovering over one of the sulfur-

oxygens.  This geometry, along with its energy relative to the FSA minimum, is in Figure 

A.5.       

Further computational work was done on some larger carboxylic acids to confirm that the 

reaction between SO3 and a carboxylic acid is viable when the carbon tail is significantly 

larger.  This was tested with benzoic and pinic acid, two acids recently implicated in 

nucleation schemes.
 20-22

 The results, Figure A.6, suggest that any carboxylic acid can 

undergo such a reaction in the gas phase and that the associated barrier is fairly small 

(less than 1 kcal/mol when including zero point energy corrections).   

 

 

 
Figure A.1 Cavity Spectrum of FSA Rotational Transition 

Cavity spectrum of the 202 ← 101 transition for FSA (the parent isotopologue).  This 

spectrum is an average of 500 pulses at 140.8 μs span time.    
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Figure A.2 DFT Potential Energy Landscape of H2O, SO3, and HCOOH  

Potential energy landscape of the complexes formed between H2O, SO3, and HCOOH 

done at the M06-2X/6-311++G(3df,3pd) level of theory.  The red and blue traces are ZPE 

uncorrected and corrected, respectively.  Zero is defined for both as the sum of the 

monomer energies.  The barrier to conversion from the complex to FSA is 2.1 kcal/mol 

without ZPE corrections and 0.04 kcal/mol with ZPE corrections.  These values are in 

good agreement with the results from the single point CCSD(T) calculations reported in 

Fig. 2, (2.2 and 0.2 kcal/mol, respectively).  Although, while the SO3∙∙∙HCOOH, TS, and 

FSA calculations are in good agreement between the DFT and WF protocol, the energetic 

ordering of the HCOOH∙∙∙H2O and SO3∙∙∙H2O is reversed.  However, in both protocols, 

these complexes are always 3-4 kcal/mol higher in energy than the HCOOH∙∙∙SO3 

complex.        
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Figure A.3 Energy Comparison of SO3-HCOOH Isomers   

Energy comparison of the four investigated isomers for the SO3∙∙∙HCOOH van der Waals 

complex done at M06-2X/6-311++G(3df,3pd).  The energies, as compared to the global 

minimum SO3∙∙∙trans-HOOCH, are 3.4, 7.1, and 9.6 kcal/mol for SO3∙∙∙trans-HCOOH, 

SO3∙∙∙cis-HCOOH, and SO3∙∙∙cis-HOOCH, respectively.    
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Figure A.4 Energy Comparison of FSA Isomers  

Energy comparison of FSA and its isomer done with the M06-2X functional and the 6-

311++G(3df,3pd) basis set.  In the high energy isomer, the acidic proton is bent away 

from the formic oxygen and hydrogen bonds with the sulfuric oxygen.  This 

configuration is 4.0 kcal/mol higher in energy and is unlikely to be the carrier of any 

unassigned lines in the spectrum.  
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Figure A.5 Potential Energy Surface for the Formation of FSA Analogues 

Uncorrected (red trace) and ZPE corrected (blue trace) potential energy surfaces for the 

conversion of the benzoic acid - SO3 and pinic acid – SO3 van der Waals complexes to 

benzoic sulfuric anhydride (BSA) and pinic sulfuric anhydride (PSA), respectively, the 

analogous species’ to FSA.  The calculations were done at M06-2X/6-311++G(3df,3pd).  

The uncorrected barrier to conversion is 1.6 and 1.7 kcal/mol for BSA and PSA, 

respectively.  With ZPE corrections, the “barrier” is -0.6 and -0.5 kcal/mol for BSA and 

PSA, respectively, suggesting that the conversion is barrierless and that the mechanism 

can be extended to any carboxylic acid.  
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Table A.1 Comparison of Theoretical Rotational Constants with Experimental Results and Predicted Dipole 

Moment Components  

Constant 
Experimental 

FSA 
FSA

* H2SO4∙∙∙ 

HCOOH
* 

SO3∙∙∙trans-HOOCH 

(global minimum)
*
 

SO3∙∙∙trans- 

HCOOH
* 

SO3∙∙∙cis- 

HCOOH
* 

SO3∙∙∙cis- 

HOOCH
* 

A (MHz) 4510.1155(12) 4541.675 3626.473 4420.316 5007.035 5029.402 4232.445 

B (MHz) 2013.28751(13) 2026.871 1020.113 1802.583 1327.441 1335.975 1684.916 

C (MHz) 1913.33629(13) 1926.747 945.728 1693.684 1310.392 1320.575 1561.256 

μa (D) - 3.1882 1.9400 4.3548 4.8972 5.7736 6.5246 

μb (D) - 0.4768 1.0393 0.4498 0.0201 2.7437 0.1960 

μc (D) - 0.9728 2.1014 0.0427 0.0000 0.0001 0.0002 

Observed rotational constants for O2S(OH)OCHO (FSA) and the theoretical constants for FSA, SO3∙∙∙HCOOH, and 

H2SO4∙∙∙HCOOH as well as their calculated dipole moments.   

*All calculations were done using the M06-2X functional with the 6-311++G(3df,3pd) basis set.  
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Table A.2 Theoretical Predictions for SO3, H2O, and HCOOH complexes 

Species 
M06-2X/6-311++G(3df,3pd)* MP2/6-311++G(3df,3pd)* CCSD(T)/CBS// MP2/6-311++G(3df,3pd)* 

Etotal Etotal(ZPE) Etotal Etotal(ZPE) Etotal Etotal(ZPE) ‡ 

SO3 -623.8177049 -623.8047711 -623.0496879 -623.0372518 -623.2305211 -623.218085 

H2O -76.42703067 -76.40538884 -76.3242865 -76.30268139 -76.37767678 -76.35607167 

HCOOH -189.7636041 -189.7292355 -189.4756223 -189.4415729 -189.5997181 -189.5656688 

H2O∙∙∙HCOOH -266.2087762 -266.1487544 -265.8166871 -265.7569836 -265.994682 -265.9349785 

H2O∙∙∙SO3 -700.2634612 -700.2251554 -699.3889206 -699.3516275 -699.6235215 -699.5862284 

HCOOH∙∙∙SO3 -813.6066029 -813.5564534 -812.5458667 -812.4964042 -812.8522249 -812.8027625 

TS1 † -813.6031907 -813.5563822 -812.5388411 -812.4925303 -812.8487521 -812.8024414 

FSA -813.6137183 -813.5631431 -812.5474222 -812.4976261 -812.8593028 -812.8095067 

* All values in hartrees.   
†  Transition state for HCOOH∙∙∙SO3 → FSA. The imaginary frequencies (im) of the transition state (TS) at M06-2X/6-

311++G(3df,3pd) and MP2/6-311++G(3df,3pd) are -877.46i cm
-1

 and -861.89i cm
-1

, respectively. 
‡ The MP2/6-311++G(3df,3pd) zero point energy corrections were used to augment the CCSD(T) single point energies.   
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Table A.3 Selected FSA Structural Parameters from M06-2X and MP2 Calculations
 

Parameter
* † M06-2X/6-311++G(3df,3pd) MP2/6-311++G(3df,3pd) 

C1-H2 1.0920 1.0905 
C1-O3 1.1887 1.2011 

C1-O4 1.3563 1.3603 

O4-S5 1.6352 1.6534 
S5-O6 1.4032 1.4100 

S5-O7 1.4109 1.4180 

S5-O8 1.5550 1.5616 

O8-H9 0.9745 0.9764 
O3…H9 2.0811 2.0167 

(O3-C1-H2) 125.8 125.6 

(O3-C1-O4) 125.0 125.6 

(C1-O4-O5) 119.6 118.4 

(O4-S5-O8) 101.2 101.0 

(S5-O8-H9) 108.8 106.9 

(O4-S5-O6) 104.6 104.3 

(O4-S5-O7) 106.7 106.5 

(O3…H9-O8) 121.8 126.2 

*All distances in Å.  
† All angles in degrees. 
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Table A.4 Cartesian Coordinates for Previously Unstudied Species from Theory 

HCOOH∙∙∙SO3 

Atomic  

Number 

M06-2X/6-311++G(3df,3pd) MP2/6-311++G(3df,3pd) 

X Y Z X Y Z 

16 -0.906180 0.111857 0.006211 -0.977336 0.122764 0.000657 

8 -1.550743 -0.477744 -1.100341 -1.458205 -0.406860 -1.228588 

8 -0.229560 1.364497 -0.204401 -0.294950 1.394138 -0.019996 

8 -1.296051 -0.203942 1.325475 -1.433915 -0.379464 1.250634 

6 1.882888 -0.614280 -0.002741 1.977040 -0.592408 -0.000322 

8 0.734444 -1.054458 -0.028774 0.852356 -1.083467 -0.002915 

1 2.718654 -1.312599 0.019173 2.860548 -1.228432 0.001973 

8 2.226256 0.624188 0.001233 2.270661 0.679633 0.000073 

1 1.408119 1.188244 -0.047637 1.427000 1.186827 -0.004215 

 

TS [HCOOH∙∙∙SO3 → FSA] 

Atomic  
Number 

M06-2X/6-311++G(3df,3pd) MP2/6-311++G(3df,3pd) 

X Y Z X Y Z 

16 -0.803983 0.067553 0.020278 -0.807968 0.069475 0.025697 

8 -1.659242 -0.442750 -0.973519 -1.706697 -0.478736 -0.919705 

8 -0.096451 1.314715 -0.361614 -0.103536 1.300758 -0.442758 

8 -1.123970 -0.025486 1.391487 -1.061351 0.033101 1.422094 

6 1.784294 -0.623020 -0.011945 1.788823 -0.621012 -0.013340 

8 0.582365 -1.056355 -0.084401 0.590839 -1.083747 -0.093471 

1 2.549863 -1.396440 0.021694 2.564423 -1.382032 0.024197 

8 2.111460 0.572114 0.011303 2.102881 0.585515 0.011305 

1 1.094793 1.155818 -0.140519 1.053046 1.141387 -0.175019 

 

FSA 

Atomic 
Number 

M06-2X/6-311++G(3df,3pd) MP2/6-311++G(3df,3pd) 

X Y Z X Y Z 

16 -0.730897 -0.000421 0.082485 -0.735471 0.004988 0.084759 

8 -1.858725 -0.668491 -0.418129 -1.868999 -0.661886 -0.423694 

8 -0.374055 1.140781 -0.911670 -0.359537 1.134957 -0.925424 

8 -0.617724 0.449950 1.414800 -0.616179 0.465071 1.420764 

6 1.784698 -0.595383 -0.056131 1.782320 -0.601415 -0.050010 

8 0.507645 -1.038253 -0.168325 0.506114 -1.059836 -0.156957 

1 2.465732 -1.448049 -0.094961 2.464980 -1.451325 -0.078898 

8 2.104614 0.544866 0.046467 2.106008 0.551810 0.038739 

1 0.426400 1.596256 -0.593163 0.469380 1.539078 -0.604611 
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Table A.5 Observed Transitions for the Parent Isotopologue of FSA (HOSO3CHO) 

J’ Ka’ Kc’ J” Ka” Kc” Observed Frequency (MHz) Calculated Frequency (MHz) Obs-Calc (MHz) 

1 0 1 0 0 0 3926.623 3926.623 0.000 

2 1 2 1 1 1 7753.281 7753.281 0.000 

2 0 2 1 0 1 7850.296 7850.297 -0.001 

2 1 1 1 1 0 7953.184 7953.183 0.001 

3 1 3 2 1 2 11628.094 11628.091 0.003 

3 0 3 2 0 2 11768.091 11768.091 0.000 

3 2 2 2 2 1 11779.804 11779.804 -0.000 

3 2 1 2 2 0 11791.554 11791.552 0.002 

3 1 2 2 1 1 11927.889 11927.891 -0.002 

4 1 4 3 1 3 15500.786 15500.780 0.006 

4 0 4 3 0 3 15677.160 15677.158 0.002 

4 2 3 3 2 2 15704.082 15704.084 -0.002 

4 3 2 3 3 1 15712.037 15712.038 -0.001 

4 3 1 3 3 0 15712.361 15712.363 -0.002 

4 2 2 3 2 1 15733.341 15733.342 -0.001 

4 1 3 3 1 2 15900.257 15900.261 -0.004 

4 0 4 3 1 3 13417.348 13417.348 -0.000 

1 1 1 0 0 0 6423.447 6423.448 -0.001 

2 1 2 1 0 1 10250.110 10250.106 0.004 

3 1 3 2 0 2 14027.904 14027.901 0.003 

1 1 0 0 0 0 6523.398 6523.399 -0.001 

2 1 1 1 0 1 10549.958 10549.960 -0.002 

3 1 2 2 0 2 14627.550 14627.554 -0.004 
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Table A.6 Observed Transitions for the 
34

S Isotopologue of FSA (HO
34

SO3CHO) 

J’ Ka’ Kc’ J” Ka” Kc” Observed Frequency (MHz) Calculated Frequency (MHz) Obs-Calc (MHz) 

2 1 2 1 1 1 7723.881 7723.885 -0.004 

2 0 2 1 0 1 7820.106 7820.106 0.000 

2 1 1 1 1 0 7922.086 7922.089 -0.003 

3 1 3 2 1 2 11584.028 11584.031 -0.003 

3 0 3 2 0 2 11722.950 11722.950 0.000 

3 1 2 2 1 1 11881.286 11881.284 0.002 

4 1 4 3 1 3 15442.095 15442.092 0.003 

4 0 4 3 0 3 15617.234 15617.237 -0.003 

4 1 3 3 1 2 15838.185 15838.186 -0.001 
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Table A.7 Observed Transitions for the 
13

C Isotopologue of FSA (HOSO3
13

CHO) 

J’ Ka’ Kc’ J” Ka” Kc” Observed Frequency (MHz) Calculated Frequency (MHz) Obs-Calc (MHz) 

2 1 2 1 1 1 7650.413 7650.417 -0.004 

2 0 2 1 0 1 7747.739 7747.739 0.000 

3 1 3 2 1 2 11473.785 11473.783 0.002 

3 0 3 2 0 2 11614.233 11614.233 -0.000 

3 1 2 2 1 1 11774.533 11774.534 -0.001 

4 0 4 3 0 3 15471.983 15471.976 0.007 
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Table A.8 Observed Transitions of DOSO3CHO 

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ Observed Frequency (MHz) Calculated Frequency (MHz) Obs-Calc (MHz) 

1 0 1 0 0 0 0 1 3903.509 3903.512 -0.003 

1 0 1 2 0 0 0 1 3903.568 3903.568 -0.000 

1 0 1 1 0 0 0 1 3903.605 3903.605 -0.000 

2 1 2 3 1 1 1 2 7693.439 7693.439 0.000 

2 1 2 2 1 1 1 1 7693.475 7693.478 -0.003 

2 0 2 1 1 0 1 1 7803.126 7803.125 0.001 

2 0 2 3 1 0 1 2 7803.180 7803.185 -0.005 

2 0 2 2 1 0 1 1 7803.186 7803.187 -0.001 

2 1 1 1 1 1 0 0 7920.778 7920.779 -0.001 

2 1 1 3 1 1 0 2 7920.819 7920.818 0.001 

2 1 1 2 1 1 0 1 7920.852 7920.857 -0.005 

3 1 3 2 2 1 2 2 11537.688 11537.688 0.000 

3 1 3 4 2 1 2 3 11537.714 11537.718 -0.004 

3 1 3 3 2 1 2 2 11537.732 11537.730 0.002 

3 0 3 4 2 0 2 3 11694.905 11694.907 -0.002 

3 2 2 2 2 2 1 1 11710.619 11710.632 -0.013 

3 2 2 4 2 2 1 3 11710.654 11710.654 0.000 

3 2 2 3 2 2 1 2 11710.684 11710.694 -0.010 

3 2 1 2 2 2 0 1 11726.429 11726.417 0.012 

3 2 1 4 2 2 0 3 11726.447 11726.439 0.008 

3 2 1 3 2 2 0 2 11726.486 11726.479 0.007 

3 1 2 4 2 1 1 3 11878.707 11878.702 0.005 

3 1 2 3 2 1 1 2 11878.720 11878.713 0.007 

4 1 4 5 3 1 3 4 15379.171 15379.176 -0.005 

4 1 4 4 3 1 3 3 15379.189 15379.181 0.008 

4 0 4 5 3 0 3 4 15574.959 15574.967 -0.008 

4 0 4 3 3 0 3 2 15574.978 15574.971 0.007 

4 2 3 3 3 2 2 2 15611.081 15611.098 -0.017 

4 2 3 5 3 2 2 4 15611.102 15611.102 -0.000 

4 2 3 4 3 2 2 3 15611.127 15611.119 0.008 

4 2 2 3 3 2 1 2 15650.343 15650.353 -0.010 

4 2 2 5 3 2 1 4 15650.361 15650.358 0.003 

4 2 2 4 3 2 1 3 15650.386 15650.375 0.011 

4 1 3 5 3 1 2 4 15833.410 15833.420 -0.010 

4 1 3 4 3 1 2 3 15833.431 15833.425 0.006 

1 1 1 1 0 0 0 1 6297.308 6297.309 -0.001 

1 1 1 2 0 0 0 1 6297.329 6297.328 0.001 

3 1 2 3 2 0 2 2 14503.768 14503.776 -0.008 

3 1 2 4 2 0 2 3 14503.789 14503.785 0.004 
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Table A.8 continued…  
J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ Observed Frequency (MHz) Calculated Frequency (MHz) Obs-Calc (MHz) 

2 1 1 3 1 0 1 2 10428.269 10428.268 0.001 

2 1 1 1 1 0 1 0 10428.314 10428.313 0.001 

3 1 3 2 2 0 2 2 13821.695 13821.682 0.013 

3 1 3 4 2 0 2 3 13821.726 13821.732 -0.006 

2 1 2 2 1 0 1 1 10087.179 10087.181 -0.002 

2 1 2 3 1 0 1 2 10087.197 10087.199 -0.002 

3 0 3 4 2 1 2 3 9410.893 9410.893 -0.000 

3 0 3 3 2 1 2 2 9410.917 9410.915 0.002 
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Table A.9 Observed Transitions of HOSO3CDO  

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ Observed Frequency (MHz) Calculated Frequency (MHz) Obs-Calc (MHz) 

1 0 1 2 0 0 0 1 3820.432 3820.432 0.000 

2 1 2 3 1 1 1 2 7530.713 7530.716 -0.003 

2 1 2 2 1 1 1 2 7530.753 7530.752 0.001 

2 0 2 3 1 0 1 2 7637.244 7637.242 0.002 

2 1 1 1 1 1 0 0 7750.952 7750.952 -0.000 

2 1 1 3 1 1 0 2 7750.994 7750.989 0.005 

3 1 3 4 2 1 2 3 11293.836 11293.836 0.000 

3 0 3 4 2 0 2 3 11446.830 11446.831 -0.001 

3 2 2 4 2 2 1 3 11461.236 11461.238 -0.002 

3 2 1 4 2 2 0 3 11475.679 11475.679 0.000 

3 1 2 4 2 1 1 3 11624.166 11624.168 -0.002 

3 1 3 3 2 0 2 2 13646.774 13646.773 0.001 

4 1 4 5 3 1 3 4 15054.369 15054.366 0.003 

4 0 4 5 3 0 3 4 15245.730 15245.729 0.001 

4 2 3 5 3 2 2 4 15278.804 15278.806 -0.002 

4 3 2 5 3 3 1 4 15288.581 15288.580 0.001 

4 3 1 5 3 3 0 4 15289.026 15289.026 0.000 

4 2 2 5 3 2 1 4 15314.739 15314.739 0.000 

4 1 3 5 3 1 2 4 15494.459 15494.462 -0.003 

2 1 2 3 1 0 1 2 9990.149 9990.151 -0.002 

2 1 2 2 1 0 1 1 9990.176 9990.177 -0.001 

2 1 1 3 1 0 1 2 10320.569 10320.569 -0.000 

3 1 2 3 2 0 2 2 14307.463 14307.460 0.003 

3 1 2 4 2 0 2 3 14307.494 14307.495 -0.001 

3 1 2 2 2 0 2 1 14307.510 14307.510 0.000 

3 1 3 4 2 0 2 3 13646.743 13646.744 -0.001 

3 1 3 3 2 0 2 2 13646.774 13646.773 0.001 

 



159 

 

Table A.10 Spectroscopic Constants for Observed Isotopologues of FSA 

Constant HOSO3CHO HO
34

SO3CHO
*
 HOSO3

13
CHO

* 
DOSO3CHO

† 
HOSO3CDO

 

A (MHz) 4510.1155(12) 4511.41(28) 4496.4(11) 4402.3855(21) 4424.72510(82) 

B (MHz) 2013.28751(13) 2005.30074(47) 1987.8089(13) 2008.63262(62) 1965.28477(27) 

C (MHz) 1913.33629(13) 1906.19874(47) 1887.5407(13) 1894.94290(67) 1855.14994(29) 

ΔID (amuǺ
2
) -98.9 -98.9 -98.9 -99.7 -99.0 

D χaa (MHz) - - - 0.1243(56) 0.0347(56) 

D (χbb-χcc) (MHz) - - - - 0.1924(72) 

ΔJ (kHz) 0.3030(55) 0.363(12) 0.444(55) 0.303(21) 0.2940(98) 

ΔJK (kHz) 1.427(29) - - 1.29(11) 1.341(27) 

RMS (kHz) 2 3 3 6 2 

N 23 9 6 47 27 

*  For isotopologues where transitions with K > 1 were not observed,  ΔJK  was not fit. 
†
  (χbb-χcc) was not necessary to fit the deuterium hyperfine transitions and is likely ~0.
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Appendix B : Supplemental Material for Chapter 2 

Table B.1 Observed Transitions for TMA-HCOOH  

J’ Ka’ Kc’ F’ J’’ Ka’’ Kc’’ F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

Estimated 

Error 

(MHz) 

2 1 2 2 1 1 1 1 5449.647 5449.649 -0.002 0.002 

2 1 2 2 1 1 1 2 5449.813 5449.814 -0.001 0.002 

2 1 2 3 1 1 1 2 5450.542 5450.544 -0.002 0.002 

2 1 2 1 1 1 1 1 5450.782 5450.785 -0.003 0.003 

2 1 2 1 1 1 1 0 5451.194 5451.196 -0.002 0.002 

2 0 2 2 1 0 1 2 5557.370 5557.370 -0.000 0.002 

2 0 2 2 1 0 1 1 5558.216 5558.216 -0.000 0.003 

2 0 2 3 1 0 1 2 5558.288 5558.288 -0.000 0.003 

2 0 2 1 1 0 1 1 5559.645 5559.644 0.001 0.003 

2 1 1 2 1 1 0 1 5673.061 5673.058 0.003 0.004 
2 1 1 1 1 1 0 1 5673.337 5673.332 0.005 0.006 

2 1 1 2 1 1 0 2 5673.745 5673.739 0.006 0.004 

2 1 1 3 1 1 0 2 5673.918 5673.915 0.003 0.002 

2 1 1 1 1 1 0 0 5675.036 5675.035 0.001 0.004 

3 1 3 3 2 1 2 3 8172.226 8172.228 -0.002 0.004 

3 1 3 3 2 1 2 2 8172.958 8172.958 0.000 0.002 

3 1 3 2 2 1 2 1 8173.172 8173.166 0.006 0.004 

3 1 3 4 2 1 2 3 8173.221 8173.223 -0.002 0.008 

3 0 3 2 2 0 2 1 8327.595 8327.602 -0.007 0.008 

3 0 3 3 2 0 2 2 8327.718 8327.720 -0.002 0.005 

3 0 3 4 2 0 2 3 8327.772 8327.772 0.000 0.002 
3 1 2 3 2 1 1 2 8507.989 8507.987 0.002 0.003 

3 1 2 4 2 1 1 3 8508.234 8508.233 0.001 0.005 

3 1 2 2 2 1 1 1 8508.281 8508.282 -0.001 0.003 

4 1 4 4 3 1 3 3 10893.086 10893.086 0.000 0.002 

4 1 4 3 3 1 3 2 10893.151 10893.150 0.001 0.002 

4 1 4 5 3 1 3 4 10893.212 10893.210 0.002 0.002 

4 0 4 3 3 0 3 2 11085.844 11085.841 0.003 0.004 

4 0 4 4 3 0 3 3 11085.871 11085.872 -0.001 0.002 

4 0 4 5 3 0 3 4 11085.919 11085.919 0.000 0.002 

4 2 3 4 3 2 2 3 11120.692 11120.691 0.001 0.002 

4 2 3 5 3 2 2 4 11121.079 11121.079 0.000 0.002 

4 2 3 3 3 2 2 2 11121.177 11121.178 -0.001 0.002 
4 1 3 4 3 1 2 3 11339.400 11339.407 -0.007 0.006 

4 1 3 5 3 1 2 4 11339.510 11339.519 -0.009 0.005 

5 1 5 6 4 1 4 5 13609.733 13609.724 0.009 0.044 

5 0 5 5 4 0 4 4 13829.439 13829.436 0.003 0.005 

5 0 5 6 4 0 4 5 13829.484 13829.482 0.002 0.005 

5 2 4 5 4 2 3 4 13896.149 13896.174 -0.025 0.042 

5 2 4 6 4 2 3 5 13896.357 13896.380 -0.023 0.042 

5 2 3 5 4 2 2 4 13971.623 13971.652 -0.029 0.042 

5 2 3 6 4 2 2 5 13971.811 13971.826 -0.015 0.042 

5 1 4 6 4 1 3 5 14166.438 14166.506 -0.068 0.065 

6 1 6 6 5 1 5 5 16322.120 16322.118 0.002 0.090 
6 1 6 7 5 1 5 6 16322.181 16322.168 0.013 0.090 
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Table B.1 continued… 

J’ Ka’ Kc’ F’ J’’ Ka’’ Kc’’ F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

Estimated 

Error 

(MHz) 

6 0 6 7 5 0 5 6 16556.069 16556.117 -0.048 0.040 

6 2 5 6 5 2 4 5 16668.281 16668.320 -0.039 0.044 

6 2 5 7 5 2 4 6 16668.408 16668.446 -0.038 0.045 

6 3 4 6 5 3 3 5 16704.262 16704.259 0.003 0.045 

6 3 4 7 5 3 3 6 16704.494 16704.509 -0.015 0.045 

6 3 3 6 5 3 2 5 16708.862 16708.860 0.002 0.043 
6 2 4 7 5 2 3 6 16797.997 16798.047 -0.050 0.060 

6 1 5 7 5 1 4 6 16987.739 16987.787 -0.048 0.038 

 

Table B.2 Observed Transitions for TMA-DCOOH 

J’ Ka’ Kc’ F’ J’’ Ka’’ Kc’’ F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

Estimated 

Error 

(MHz) 

4 1 4 4 3 1 3 3 10583.804 10583.803 0.001 0.004 

4 1 4 3 3 1 3 2 10583.868 10583.870 -0.002 0.004 

4 1 4 5 3 1 3 4 10583.932 10583.929 0.003 0.004 
4 0 4 3 3 0 3 2 10770.225 10770.226 -0.001 0.004 

4 0 4 4 3 0 3 3 10770.257 10770.264 -0.007 0.004 

4 0 4 5 3 0 3 4 10770.303 10770.307 -0.004 0.004 

4 1 3 4 3 1 2 3 11012.090 11012.087 0.003 0.004 

4 1 3 5 3 1 2 4 11012.206 11012.203 0.003 0.004 

5 1 5 6 4 1 4 5 13223.694 13223.685 0.009 0.080 

5 0 5 5 4 0 4 4 13437.309 13437.308 0.001 0.002 

5 0 5 6 4 0 4 5 13437.351 13437.350 0.001 0.002 

5 1 4 6 4 1 3 5 13758.059 13758.072 -0.013 0.053 

6 1 6 7 5 1 5 6 15859.691 15859.690 0.001 0.065 

6 0 6 7 5 0 5 6 16088.785 16088.769 0.016 0.065 
6 2 5 7 5 2 4 6 16191.512 16191.490 0.022 0.044 

6 2 4 7 5 2 3 6 16309.991 16309.956 0.035 0.060 

6 1 5 6 5 1 4 5 16498.730 16498.728 0.002 0.004 

6 1 5 5 5 1 4 4 16498.753 16498.759 -0.006 0.004 

6 1 5 7 5 1 4 6 16498.775 16498.774 0.001 0.004 
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Table B.3 Observed Transitions for TMA(
13

C11)-HCOOH 

Transitions for this isotopologue were all collected with the cavity, thus all estimated 

errors were set to 4 kHz, the typical error for transitions measured on the cavity.  

J’ Ka’ Kc’ F’ J’’ Ka’’ Kc’’ F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-

Calc 

(MHz) 

3 1 3 3 2 1 2 2 8125.740 8125.741 -0.001 

3 1 3 2 2 1 2 1 8125.960 8125.959 0.001 

3 1 3 4 2 1 2 3 8126.008 8126.010 -0.002 

3 0 3 3 2 0 2 2 8275.015 8275.014 0.001 

3 0 3 4 2 0 2 3 8275.064 8275.065 -0.001 

3 1 2 3 2 1 1 2 8448.427 8448.421 0.006 

3 1 2 4 2 1 1 3 8448.676 8448.671 0.005 

3 1 2 2 2 1 1 1 8448.722 8448.714 0.008 

4 1 4 4 3 1 3 3 10830.356 10830.355 0.001 

4 1 4 3 3 1 3 2 10830.420 10830.422 -0.002 

4 1 4 5 3 1 3 4 10830.481 10830.480 0.001 

4 0 4 3 3 0 3 2 11016.492 11016.488 0.004 

4 0 4 4 3 0 3 3 11016.521 11016.524 -0.003 

4 0 4 5 3 0 3 4 11016.569 11016.568 0.001 

4 2 3 4 3 2 2 3 11049.495 11049.492 0.003 

4 2 3 5 3 2 2 4 11049.885 11049.886 -0.001 

4 2 3 3 3 2 2 2 11049.986 11049.987 -0.001 

4 1 3 4 3 1 2 3 11260.235 11260.236 -0.001 

4 1 3 3 3 1 2 2 11260.334 11260.335 -0.001 

4 1 3 5 3 1 2 4 11260.350 11260.350 0.000 

5 0 5 5 4 0 4 4 13744.187 13744.186 0.001 

5 0 5 6 4 0 4 5 13744.230 13744.228 0.002 
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Table B.4 Theoretical Atomic Cartesian Coordinates for the Complex  

M06-2X/6-311++G(3df,3pd) with counterpoise correction  

 

 
x y z 

C2 -2.28651 -0.28468 -3.2E-05 

O3 -2.0792 0.901323 -5.4E-05 

O4 -1.37019 -1.22348 -9.8E-05 

H1 -3.29877 -0.7087 0.000073 

H5 -0.43709 -0.79172 -0.00011 

N6 1.001323 -0.04027 0.000008 

C7 1.004397 0.792272 -1.19913 

H8 0.968167 0.156668 -2.08247 

H9 0.124225 1.431656 -1.18742 

H10 1.907209 1.413542 -1.24821 

C11 2.124978 -0.96728 -0.00028 

H12 2.077895 -1.60001 0.884137 

H12 2.077397 -1.60005 -0.88465 

H13 3.08408 -0.43409 -0.00058 

C7 1.004343 0.79171 1.199551 

H9 0.123624 1.430353 1.188604 

H8 0.969186 0.15563 2.082594 

H10 1.90666 1.413721 1.248495 
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Appendix C : Supplemental Material for Chapter 3 

Table C.1 Observed Transitions for HCOOH-HNO3 0
+
 State 

J’ Ka’ Kc’ F’ J” Ka” Kc” F” 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

2 1 2 2 1 1 1 1 4734.146 4734.147 -0.001 

2 1 2 3 1 1 1 2 4734.385 4734.387 -0.002 

2 1 2 1 1 1 1 0 4734.704 4734.704 0.000 

2 0 2 2 1 0 1 2 4971.837 4971.838 -0.001 

2 0 2 1 1 0 1 0 4971.872 4971.871 0.001 

2 0 2 3 1 0 1 2 4972.088 4972.087 0.001 

2 0 2 1 1 0 1 1 4972.463 4972.462 0.001 

2 1 1 2 1 1 0 1 5228.143 5228.146 -0.003 

2 1 1 3 1 1 0 2 5228.394 5228.397 -0.003 

2 1 1 1 1 1 0 0 5228.574 5228.575 -0.001 

3 1 3 3 2 1 2 2 7095.759 7095.761 -0.002 

3 1 3 4 2 1 2 3 7095.827 7095.827 0.000 

3 1 3 2 2 1 2 1 7095.843 7095.841 0.002 

3 0 3 3 2 0 2 3 7434.743 7434.741 0.002 

3 0 3 4 2 0 2 3 7434.996 7434.993 0.003 

3 0 3 2 2 0 2 2 7435.330 7435.330 0.000 

3 2 1 3 2 2 0 2 7508.793 7508.795 -0.002 

3 2 1 4 2 2 0 3 7509.054 7509.056 -0.002 

3 1 2 3 2 1 1 3 7836.326 7836.324 0.002 

3 1 2 3 2 1 1 2 7836.532 7836.533 -0.001 

3 1 2 2 2 1 1 1 7836.583 7836.588 -0.005 

3 1 2 4 2 1 1 3 7836.605 7836.605 0.000 

4 1 4 4 3 1 3 3 9450.710 9450.706 0.004 

4 1 4 5 3 1 3 4 9450.734 9450.734 0.000 

4 0 4 5 3 0 3 4 9870.657 9870.659 -0.002 

4 2 2 4 3 2 1 3 10047.278 10047.276 0.002 

4 2 2 4 3 2 1 3 10047.278 10047.276 0.002 

4 2 2 5 3 2 1 4 10047.393 10047.392 0.001 

4 2 2 5 3 2 1 4 10047.393 10047.392 0.001 

4 1 3 4 3 1 2 3 10437.373 10437.374 -0.001 

4 1 3 3 3 1 2 2 10437.388 10437.386 0.002 

4 1 3 5 3 1 2 4 10437.408 10437.405 0.003 

5 1 5 5 4 1 4 4 11797.386 11797.390 -0.004 

5 1 5 6 4 1 4 5 11797.403 11797.403 0.000 

5 0 5 6 4 0 4 5 12271.562 12271.561 0.001 
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Table C.1 continued… 

J’ Ka’ Kc’ F’ J” Ka” Kc” F” 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

5 2 4 6 4 2 3 5 12432.606 12432.606 0.000 

5 1 4 5 4 1 3 4 13027.769 13027.771 -0.002 

5 1 4 4 4 1 3 3 13027.773 13027.773 0.000 

5 1 4 6 4 1 3 5 13027.785 13027.787 -0.002 
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Table C.2 Observed Transitions for HCOOH-HNO3 0
-
 State 

J’ Ka’ Kc’ F’ J” Ka” Kc” F” 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

2 1 2 2 1 1 1 1 4734.129 4734.128 0.001 

2 1 2 3 1 1 1 2 4734.366 4734.368 -0.001 

2 0 2 2 1 1 1 2 4971.825 4971.824 0.001 

2 0 2 1 1 1 1 0 4971.859 4971.858 0.001 

2 0 2 2 1 1 1 1 4972.060 4972.061 -0.001 

2 0 2 3 1 1 1 2 4972.076 4972.074 0.002 

2 0 2 1 1 1 1 1 4972.449 4972.448 0.001 

3 1 3 4 2 2 2 3 7095.802 7095.799 0.003 

3 0 3 3 2 2 2 3 7434.717 7434.718 -0.001 

3 0 3 2 2 2 2 1 7434.924 7434.921 0.004 

3 0 3 4 2 2 2 3 7434.970 7434.971 -0.001 

3 0 3 2 2 2 2 2 7435.308 7435.308 0.000 

3 2 2 3 2 2 1 2 7471.756 7471.758 -0.002 

3 2 2 4 2 2 1 3 7472.010 7472.011 -0.001 

3 2 2 2 2 2 1 1 7472.151 7472.152 -0.001 

3 2 1 3 2 2 0 2 7508.774 7508.777 -0.003 

3 2 1 4 2 2 0 3 7509.035 7509.036 -0.001 

3 2 1 2 2 2 0 1 7509.176 7509.178 -0.002 

4 0 4 3 3 3 3 2 9870.598 9870.602 -0.004 

4 0 4 5 3 3 3 4 9870.628 9870.626 0.002 

4 2 3 4 3 3 2 3 9955.278 9955.278 0.000 

4 2 3 5 3 3 2 4 9955.385 9955.385 0.000 

4 2 3 3 3 3 2 2 9955.414 9955.412 0.002 

4 2 2 4 3 3 1 3 10047.259 10047.261 -0.002 

4 2 2 5 3 3 1 4 10047.374 10047.375 -0.001 

4 2 2 3 3 3 1 2 10047.405 10047.404 0.001 

4 1 3 4 3 3 2 3 10437.359 10437.359 -0.001 

5 1 5 4 4 4 4 3 11797.362 11797.362 0.000 

5 0 5 4 4 4 4 3 12271.497 12271.501 -0.004 

5 0 5 6 4 4 4 5 12271.514 12271.515 -0.001 

5 2 4 5 4 4 3 4 12432.518 12432.515 0.003 

5 2 4 6 4 4 3 5 12432.571 12432.569 0.002 

5 2 4 4 4 4 3 3 12432.578 12432.575 0.003 

5 2 3 5 4 4 2 4 12614.177 12614.176 0.001 

5 2 3 6 4 4 2 5 12614.239 12614.241 -0.002 

5 2 3 4 4 4 2 3 12614.246 12614.247 -0.001 
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Table C.3 Observed Transitions for HCOOH-H
15

NO3 0
+
 State 

J’ Ka’ Kc’ J” Ka” Kc” 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

2 1 2 1 1 1 4708.955 4708.957 -0.002 

2 0 2 1 0 1 4944.159 4944.158 0.001 

2 1 1 1 1 0 5197.468 5197.470 -0.002 

3 1 3 2 1 2 7057.858 7057.859 -0.001 

3 0 3 2 0 2 7393.654 7393.652 0.002 

3 2 2 2 2 1 7429.779 7429.780 -0.001 

3 1 2 2 1 1 7790.412 7790.413 -0.001 

4 1 4 3 1 3 9400.361 9400.362 -0.001 

4 0 4 3 0 3 9816.527 9816.523 0.004 

4 2 3 3 2 2 9899.291 9899.291 0.000 

4 1 3 3 1 2 10376.107 10376.108 -0.001 

5 1 5 4 1 4 11734.800 11734.802 -0.002 

5 0 5 4 0 4 12205.384 12205.383 0.001 

5 2 4 4 2 3 12362.744 12362.742 0.002 

5 1 4 4 1 3 12951.640 12951.640 0.000 

6 1 6 5 1 5 14059.898 14059.897 0.002 

6 0 6 5 0 5 14555.254 14555.256 -0.002 

6 1 5 5 1 4 15513.658 15513.658 0.000 
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Table C.4 Observed Transitions for HCOOH-H
15

NO3 0
-
 State 

J’ Ka’ Kc’ J” Ka” Kc” 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

2 1 2 1 1 1 4708.936 4708.939 -0.003 

2 0 2 1 0 1 4944.146 4944.146 0.000 

3 1 3 2 1 2 7057.834 7057.834 0.000 

3 0 3 2 0 2 7393.635 7393.634 0.001 

3 2 2 2 2 1 7429.759 7429.761 -0.002 

3 2 1 2 2 0 7465.917 7465.920 -0.003 

4 1 4 3 1 3 9400.332 9400.330 0.002 

4 0 4 3 0 3 9816.498 9816.499 -0.001 

4 2 3 3 2 2 9899.268 9899.267 0.002 

4 2 2 3 2 1 9989.120 9989.121 -0.001 

4 1 3 3 1 2 10376.094 10376.093 0.001 

5 1 5 4 1 4 11734.766 11734.765 0.001 

5 0 5 4 0 4 12205.354 12205.353 0.001 

5 2 4 4 2 3 12362.715 12362.712 0.003 

5 2 3 4 2 2 12540.221 12540.222 -0.001 

5 1 4 4 1 3 12951.620 12951.619 0.001 

6 1 6 5 1 5 14059.857 14059.857 0.000 

6 0 6 5 0 5 14555.221 14555.223 -0.002 

6 1 5 5 1 4 15513.630 15513.631 -0.001 

 

  



169 

 

Table C.5 Observed Transitions for HCOOD-HNO3 

J’ Ka’ Kc’ F1’ F’ J” Ka” Kc” F1” F” 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 
(MHz) 

2 1 2 2 3 1 1 1 1 2 4709.869 4709.859 0.010 

2 1 2 1 2 1 1 1 1 2 4709.949 4709.955 -0.006 

2 1 2 3 4 1 1 1 2 3 4710.100 4710.095 0.005 

2 1 2 3 3 1 1 1 2 2 4710.157 4710.163 -0.006 

2 0 2 2 3 1 0 1 1 2 4949.119 4949.126 -0.007 

2 0 2 3 4 1 0 1 2 3 4949.150 4949.148 0.002 

2 0 2 1 2 1 0 1 1 2 4949.530 4949.534 -0.004 

2 1 1 2 3 1 1 0 1 2 5207.153 5207.147 0.006 

2 1 1 3 2 1 1 0 2 1 5207.380 5207.381 -0.001 

2 1 1 3 4 1 1 0 2 3 5207.399 5207.394 0.005 

2 1 1 3 3 1 1 0 2 2 5207.455 5207.464 -0.009 

3 1 3 3 4 2 1 2 2 3 7059.163 7059.155 0.008 

3 1 3 4 3 2 1 2 3 2 7059.210 7059.217 -0.007 

3 1 3 4 5 2 1 2 3 4 7059.224 7059.223 0.001 

3 1 3 4 4 2 1 2 3 3 7059.244 7059.246 -0.002 

3 0 3 4 5 2 0 2 3 4 7399.842 7399.839 0.003 

3 1 2 3 4 2 1 1 2 3 7804.854 7804.850 0.004 

3 1 2 2 3 2 1 1 1 2 7804.897 7804.907 -0.010 

3 1 2 4 5 2 1 1 3 4 7804.924 7804.924 0.000 

3 1 2 4 4 2 1 1 3 3 7804.955 7804.948 0.007 

4 1 4 4 4 3 1 3 3 3 9401.601 9401.604 -0.003 

4 1 4 5 6 3 1 3 4 5 9401.619 9401.616 0.003 

4 0 4 3 4 3 0 3 2 3 9822.398 9822.406 -0.008 

4 0 4 5 6 3 0 3 4 5 9822.431 9822.434 -0.003 

4 0 4 4 4 3 0 3 3 3 9822.449 9822.447 0.002 

4 2 3 4 5 3 2 2 3 4 9909.796 9909.794 0.002 

4 2 3 4 4 3 2 2 3 3 9909.825 9909.823 0.002 

4 2 3 5 6 3 2 2 4 5 9909.904 9909.903 0.001 

4 2 3 5 5 3 2 2 4 4 9909.933 9909.936 -0.003 

4 2 2 4 3 3 2 1 3 2 10004.718 10004.728 -0.010 

4 2 2 4 5 3 2 1 3 4 10004.736 10004.736 0.000 

4 2 2 4 4 3 2 1 3 3 10004.763 10004.764 -0.001 

4 2 2 5 4 3 2 1 4 4 10004.835 10004.847 -0.012 

4 2 2 5 6 3 2 1 4 5 10004.858 10004.853 0.005 

4 2 2 5 5 3 2 1 4 4 10004.883 10004.887 -0.004 

4 1 3 4 5 3 1 2 3 4 10394.750 10394.757 -0.007 

4 1 3 4 4 3 1 2 3 3 10394.773 10394.773 0.000 

4 1 3 5 6 3 1 2 4 5 10394.795 10394.790 0.005 
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Table C.5 continued… 

J’ Ka’ Kc’ F1’ F’ J” Ka” Kc” F1” F” 
Observed 
Frequency 

(MHz) 

Calculated 
Frequency 

(MHz) 

Obs-Calc 

(MHz) 

5 1 5 5 6 4 1 4 4 5 11735.516 11735.520 -0.004 

5 1 5 6 7 4 1 4 5 6 11735.538 11735.535 0.003 

5 0 5 4 5 4 0 4 3 4 12209.235 12209.237 -0.002 

5 0 5 5 6 4 0 4 4 5 12209.260 12209.259 0.001 

5 1 4 5 6 4 1 3 4 5 12973.853 12973.855 -0.002 

5 1 4 6 7 4 1 3 5 6 12973.875 12973.872 0.003 
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Table C.6 Observed Transitions for HCOOD-H
15

NO3  

J’ Ka’ Kc’ F’ J” Ka” Kc” F” 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 
(MHz) 

2 1 2 1 1 1 1 0 4684.544 4684.543 0.001 

2 1 2 3 1 1 1 2 4684.609 4684.610 -0.001 

2 1 2 2 1 1 1 2 4684.646 4684.644 0.002 

2 1 2 2 1 1 1 1 4684.675 4684.676 -0.001 

2 0 2 1 1 0 1 1 4921.027 4921.027 0.000 

2 0 2 3 1 0 1 2 4921.130 4921.130 0.000 

2 0 2 1 1 0 1 0 4921.186 4921.188 -0.002 

2 1 1 1 1 1 0 0 5176.259 5176.261 -0.002 

2 1 1 3 1 1 0 2 5176.328 5176.328 0.000 

2 1 1 2 1 1 0 1 5176.394 5176.394 0.000 

3 1 3 4 2 1 2 3 7021.175 7021.177 -0.002 

3 1 3 3 2 1 2 2 7021.198 7021.196 0.002 

3 0 3 4 2 0 2 3 7358.390 7358.390 0.000 

3 0 3 2 2 0 2 1 7358.404 7358.403 0.001 

3 1 2 4 2 1 1 3 7758.524 7758.525 -0.001 

3 1 2 3 2 1 1 2 7758.545 7758.544 0.001 

4 1 4 5 3 1 3 4 9351.141 9351.143 -0.002 

4 1 4 4 3 1 3 3 9351.151 9351.151 0.000 

4 0 4 5 3 0 3 4 9768.198 9768.198 0.000 

4 1 3 5 3 1 2 4 10333.225 10333.225 0.000 

5 1 5 6 4 1 4 5 11672.814 11672.813 0.001 

5 0 5 6 4 0 4 5 12143.012 12143.012 0.000 

5 1 4 6 4 1 3 5 12897.406 12897.405 0.001 

6 1 6 7 5 1 5 6 13984.887 13984.887 0.000 

6 0 6 7 5 0 5 6 14477.887 14477.887 0.000 

6 1 5 7 5 1 4 6 15447.579 15447.580 -0.001 
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Table C.7 Observed Transitions for H
13

COOH-HNO3 

J’ Ka’ Kc’ F’ J” Ka” Kc” F” 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 
(MHz) 

2 0 2 3 1 0 1 2 4902.430 4902.434 -0.004 

3 1 3 3 2 1 2 2 7000.997 7000.994 0.003 

3 1 3 4 2 1 2 3 7001.064 7001.061 0.003 

3 0 3 4 2 0 2 3 7331.821 7331.827 -0.006 

3 1 2 3 2 1 1 2 7721.422 7721.423 -0.001 

3 1 2 4 2 1 1 3 7721.501 7721.497 0.004 

4 0 4 5 3 0 3 4 9735.499 9735.502 -0.003 

4 1 3 4 3 1 2 3 10284.557 10284.559 -0.002 

4 1 3 5 3 1 2 4 10284.595 10284.591 0.004 

5 1 5 5 4 1 4 4 11641.063 11641.067 -0.004 

5 1 5 6 4 1 4 5 11641.082 11641.080 0.002 

5 0 5 4 4 0 4 3 12106.259 12106.256 0.003 

5 0 5 5 4 0 4 4 12106.278 12106.278 0.000 

5 1 4 6 4 1 3 5 12837.893 12837.895 -0.002 
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Table C.8 Observed Transitions for HCOOH-DNO3 

J’ Ka’ Kc’ F1’ F’ J” Ka” Kc” F1” F” 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 
(MHz) 

2 0 2 2 3 1 0 1 1 2 4954.653 4954.653 0.000 

2 0 2 3 4 1 0 1 2 3 4954.675 4954.673 0.002 

2 0 2 2 2 1 0 1 1 1 4954.690 4954.694 -0.004 

2 1 1 3 4 1 1 0 2 3 5212.753 5212.751 0.002 

3 1 3 3 3 2 1 2 2 2 7067.605 7067.604 0.001 

3 1 3 4 5 2 1 2 3 4 7067.664 7067.668 -0.004 

3 1 3 2 2 2 1 2 1 1 7067.687 7067.683 0.004 

3 0 3 4 5 2 0 2 3 4 7408.226 7408.227 -0.001 

3 2 2 4 5 2 2 1 3 4 7446.299 7446.298 0.001 

3 2 2 4 4 2 2 1 3 3 7446.342 7446.335 0.007 

3 2 2 2 3 2 2 1 1 2 7446.447 7446.455 -0.008 

3 2 2 2 2 2 2 1 1 1 7446.480 7446.475 0.005 

3 2 1 4 3 2 2 0 3 2 7484.339 7484.346 -0.007 

3 2 1 4 5 2 2 0 3 4 7484.360 7484.358 0.002 

3 2 1 4 4 2 2 0 3 3 7484.404 7484.396 0.008 

3 2 1 2 3 2 2 0 1 2 7484.512 7484.515 -0.003 

3 2 1 2 2 2 2 0 1 1 7484.541 7484.536 0.005 

3 1 2 3 4 2 1 1 2 3 7812.907 7812.904 0.003 

3 1 2 4 5 2 1 1 3 4 7812.983 7812.981 0.002 

4 1 4 4 5 3 1 3 3 4 9412.876 9412.880 -0.004 

4 1 4 5 6 3 1 3 4 5 9412.920 9412.911 0.009 

4 0 4 5 6 3 0 3 4 5 9833.805 9833.803 0.002 

4 2 3 4 5 3 2 2 3 4 9920.792 9920.792 0.000 

4 2 3 5 6 3 2 2 4 5 9920.901 9920.905 -0.004 

4 2 3 3 4 3 2 2 2 3 9920.932 9920.935 -0.003 

4 2 2 4 5 3 2 1 3 4 10015.327 10015.327 0.000 

4 2 2 5 6 3 2 1 4 5 10015.445 10015.445 0.000 

4 2 2 3 4 3 2 1 2 3 10015.474 10015.475 -0.001 

4 1 3 4 5 3 1 2 3 4 10405.545 10405.551 -0.006 

4 1 3 5 6 3 1 2 4 5 10405.590 10405.585 0.005 

5 1 5 6 7 4 1 4 5 6 11749.708 11749.711 -0.003 

5 0 5 6 7 4 0 4 5 6 12223.740 12223.737 0.003 

5 2 4 5 6 4 2 3 4 5 12389.100 12389.091 0.009 

5 2 4 6 7 4 2 3 5 6 12389.150 12389.150 0.000 

5 2 3 5 6 4 2 2 4 5 12575.695 12575.695 0.000 

5 2 3 6 7 4 2 2 5 6 12575.762 12575.760 0.002 

5 1 4 5 6 4 1 3 4 5 12987.440 12987.442 -0.002 
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 Table C.9 Observed Transitions for DCOOH-HNO3 

J’ Ka’ Kc’ F’ J” Ka” Kc” F” 

Observed 

Frequency 
(MHz) 

Calculated 

Frequency 
(MHz) 

Obs-Calc 

(MHz) 

2 1 2 3 1 1 1 2 4603.287 4603.274 0.013 

2 0 2 2 1 0 1 1 4828.126 4828.152 -0.026 

2 0 2 3 1 0 1 2 4828.150 4828.166 -0.016 

2 1 1 2 1 1 0 1 5069.304 5069.285 0.019 

2 1 1 2 1 1 0 2 5069.351 5069.351 0.000 

2 1 1 3 1 1 0 2 5069.519 5069.530 -0.011 

2 1 1 1 1 1 0 0 5069.730 5069.728 0.002 

3 0 3 4 2 0 2 3 7221.726 7221.743 -0.017 

3 2 2 3 2 2 1 2 7254.280 7254.269 0.011 

3 2 2 4 2 2 1 3 7254.527 7254.518 0.009 

3 2 2 2 2 2 1 1 7254.675 7254.657 0.018 

3 2 1 3 2 2 0 2 7287.062 7287.067 -0.005 

3 2 1 4 2 2 0 3 7287.318 7287.321 -0.003 

3 1 2 3 2 1 1 2 7598.943 7598.923 0.020 

3 1 2 2 2 1 1 1 7598.982 7598.981 0.001 

3 1 2 4 2 1 1 3 7599.010 7598.993 0.017 

4 1 4 4 3 1 3 3 9190.502 9190.507 -0.005 

4 1 4 5 3 1 3 4 9190.550 9190.535 0.015 

4 1 4 3 3 1 3 2 9190.557 9190.530 0.027 

4 0 4 3 3 0 3 2 9591.086 9591.107 -0.021 

4 0 4 5 3 0 3 4 9591.124 9591.130 -0.006 

4 2 2 4 3 2 1 3 9747.655 9747.675 -0.020 

4 2 2 5 3 2 1 4 9747.770 9747.786 -0.016 

4 2 2 3 3 2 1 2 9747.800 9747.814 -0.014 

4 1 3 4 3 1 2 3 10121.875 10121.889 -0.014 

4 1 3 5 3 1 2 4 10121.928 10121.920 0.008 

5 1 5 6 4 1 4 5 11473.928 11473.919 0.009 

5 0 5 4 4 0 4 3 11929.458 11929.471 -0.013 

5 0 5 6 4 0 4 5 11929.480 11929.485 -0.005 

5 1 4 5 4 1 3 4 12635.674 12635.666 0.008 

5 1 4 6 4 1 3 5 12635.696 12635.682 0.014 
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Appendix D : Supplemental Material for Chapter 4 
The frequencies of transitions observed in Ken Leopold’s lab are marked with an *.  

Transitions without an * were observed in Tony Legon’s lab.   

 

Transitions marked with ⱡ have K-1 > 1 and were not used in the final fit reported in the 

chapter.  The attempted fits including these lines had rms greater than 150 kHz.  The 

residuals listed with these transitions are from the fits reported in the chapter.   

Table D.1 Observed Transitions for H5C5N-HCCH 0
+
 State  

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

3 1 3 3 2 1 2 3 4505.214* 4505.216 -0.002 

3 1 3 3 2 1 2 2 4506.278* 4506.276 0.002 

3 1 3 2 2 1 2 1 4506.554* 4506.555 -0.001 

3 1 3 4 2 1 2 3 4506.645* 4506.645 0.000 

3 1 2 3 2 1 1 2 4807.677* 4807.677 0.000 

3 1 2 4 2 1 1 3 4808.015* 4808.014 0.001 

3 1 2 2 2 1 1 1 4808.092* 4808.090 0.002 

3 0 3 3 2 0 2 3 4650.656* 4650.653 0.003 

3 0 3 2 2 0 2 1 4651.744* 4651.741 0.003 

3 0 3 3 2 0 2 2 4651.925* 4651.921 0.004 

3 0 3 4 2 0 2 3 4651.983* 4651.980 0.003 

3 0 3 2 2 0 2 2 4653.714* 4653.712 0.002 

4 1 4 4 3 1 3 3 6006.583* 6006.582 0.001 

4 1 4 3 3 1 3 2 6006.663* 6006.663 0.000 

4 1 4 5 3 1 3 4 6006.752* 6006.752 0.000 

4 0 4 4 3 0 3 4 6194.095* 6194.094 0.001 

4 0 4 3 3 0 3 2 6195.360* 6195.358 0.002 

4 0 4 4 3 0 3 3 6195.423* 6195.421 0.002 

4 0 4 5 3 0 3 4 6195.469* 6195.469 0.000 

4 0 4 3 3 0 3 3 6197.151* 6197.150 0.001 

4 1 3 4 3 1 2 3 6408.588* 6408.588 0.000 

4 1 3 3 3 1 2 2 6408.720* 6408.727 -0.007 

4 1 3 5 3 1 2 4 6408.742* 6408.738 0.004 

5 0 5 5 4 0 4 5 7731.457 7731.458 -0.001 

5 0 5 5 4 0 4 4 7732.838 7732.832 0.006 

5 0 5 6 4 0 4 5 7732.871 7732.876 -0.005 

5 0 5 4 4 0 4 3 7732.804 7732.811 -0.007 

5 0 5 4 4 0 4 4 7734.534 7734.540 -0.006 

5 1 5 5 4 1 4 5 7503.507 7503.501 0.006 

5 1 5 6 4 1 4 5 7505.194 7505.197 -0.003 



176 

 

Table D.1 continued… 

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

5 1 5 5 4 1 4 4 7505.105 7505.100 0.005 

5 1 5 4 4 1 4 4 7507.144 7507.142 0.002 

5 1 4 5 4 1 3 5 8007.064 8007.062 0.002 

5 1 4 6 4 1 3 5 8007.840 8007.832 0.008 

5 1 4 5 4 1 3 4 8007.747 8007.747 0.000 

5 1 4 4 4 1 3 3 8007.804 8007.812 -0.008 

5 1 4 4 4 1 3 4 8008.673 8008.674 -0.001 

6 1 6 6 5 1 5 6 8999.820 8999.826 -0.006 

6 1 6 6 5 1 5 5 9001.512 9001.522 -0.010 

6 1 6 5 5 1 5 4 9001.545 9001.538 0.007 

6 1 6 7 5 1 5 6 9001.582 9001.587 -0.005 

6 0 6 5 5 0 5 4 9262.716 9262.715 0.001 

6 0 6 7 5 0 5 6 9262.750 9262.757 -0.007 

6 0 6 6 5 0 5 6 9261.295 9261.297 -0.002 

6 1 5 6 5 1 4 6 9603.981 9603.983 -0.002 

6 1 5 6 5 1 4 5 9604.756 9604.753 0.003 

6 1 5 5 5 1 4 4 9604.780 9604.790 -0.010 

6 1 5 7 5 1 4 6 9604.814 9604.807 0.007 

6 1 5 5 5 1 4 5 9605.720 9605.716 0.004 

7 1 7 7 6 1 6 6 10495.523 10495.520 0.003 

7 0 7 7 6 0 6 6 10783.760 10783.753 0.007 

7 0 7 8 6 0 6 7 10783.799 10783.796 0.003 

5 2 4 5 4 2 3 5 7758.395 ⱡ 7760.341 -1.946 

5 2 4 5 4 2 3 4 7758.937 ⱡ 7760.877 -1.940 

5 2 4 6 4 2 3 5 7759.219 ⱡ 7761.159 -1.940 

5 2 4 4 4 2 3 4 7759.917 ⱡ 7761.863 -1.946 

5 2 3 5 4 2 2 5 7787.713 ⱡ 7790.074 -2.361 

5 2 3 5 4 2 2 4 7788.217 ⱡ 7790.571 -2.354 

5 2 3 6 4 2 2 5 7788.477 ⱡ 7790.831 -2.354 

5 2 3 4 4 2 2 4 7789.125 ⱡ 7791.482 -2.357 

6 2 5 6 5 2 4 6 9306.883 ⱡ 9309.129 -2.246 

6 2 5 6 5 2 4 5 9307.699 ⱡ 9309.948 -2.249 

6 2 5 7 5 2 4 6 9307.866 ⱡ 9310.118 -2.252 

6 2 5 5 5 2 4 5 9308.857 ⱡ 9311.104 -2.247 

6 2 4 6 5 2 3 6 9358.068 ⱡ 9361.013 -2.945 

6 2 4 6 5 2 3 5 9358.825 ⱡ 9361.769 -2.944 

6 2 4 7 5 2 3 6 9358.957 ⱡ 9361.912 -2.955 

6 2 4 5 5 2 3 5 9359.875 ⱡ 9362.820 -2.945 
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Table D.1 continued… 

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

7 2 6 7 6 2 5 6 10854.703 ⱡ 10857.209 -2.506 

7 2 6 8 6 2 5 7 10854.810 ⱡ 10857.322 -2.512 

7 2 5 7 6 2 4 6 10936.159 ⱡ 10939.728 -3.569 

7 2 5 8 6 2 4 7 10936.247 ⱡ 10939.809 -3.562 
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Table D.2 Observed Transitions for H5C5N-HCCH 0
-
 State  

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

3 1 3 2 2 1 2 1 4490.360* 4490.377 -0.017 

3 1 3 4 2 1 2 3 4490.446* 4490.466 -0.020 

3 1 2 3 2 1 1 2 4802.688* 4802.690 -0.002 

3 1 2 4 2 1 1 3 4803.024* 4803.024 0.000 

3 1 2 2 2 1 1 1 4803.102* 4803.100 0.002 

3 0 3 3 2 0 2 3 4639.676* 4639.684 -0.008 

3 0 3 2 2 0 2 1 4640.754* 4640.762 -0.008 

3 0 3 3 2 0 2 2 4640.931* 4640.940 -0.009 

3 0 3 4 2 0 2 3 4640.990* 4641.000 -0.010 

3 0 3 2 2 0 2 2 4642.706* 4642.716 -0.010 

4 1 4 4 3 1 3 3 5985.416* 5985.426 -0.010 

4 1 4 3 3 1 3 2 5985.498* 5985.506 -0.008 

4 1 4 5 3 1 3 4 5985.585* 5985.595 -0.010 

4 0 4 3 3 0 3 2 6180.532* 6180.532 0.000 

4 0 4 4 3 0 3 3 6180.593* 6180.594 -0.001 

4 0 4 5 3 0 3 4 6180.639* 6180.642 -0.003 

4 1 3 4 3 1 2 3 6401.896* 6401.894 0.002 

4 1 3 3 3 1 2 2 6402.030* 6402.032 -0.002 

4 1 3 5 3 1 2 4 6402.049* 6402.043 0.006 

5 0 5 5 4 0 4 5 7712.692 7712.685 0.007 

5 0 5 5 4 0 4 4 7714.062 7714.049 0.013 

5 0 5 6 4 0 4 5 7714.098 7714.093 0.005 

5 0 5 4 4 0 4 3 7714.025 7714.029 -0.004 

5 0 5 4 4 0 4 4 7715.750 7715.743 0.007 

5 1 5 5 4 1 4 5 7477.754 7477.747 0.076 

5 1 5 6 4 1 4 5 7479.436 7479.431 0.005 

5 1 5 5 4 1 4 4 7479.353 7479.334 0.019 

5 1 5 4 4 1 4 4 7481.364 7481.360 0.004 

5 1 4 5 4 1 3 5 7998.641 7998.640 0.001 

5 1 4 6 4 1 3 5 7999.407 7999.400 0.007 

5 1 4 4 4 1 3 3 7999.372 7999.381 -0.009 

5 1 4 4 4 1 3 4 8000.232 8000.232 0.000 

6 1 6 6 5 1 5 6 8969.950 8969.943 0.007 

6 1 6 6 5 1 5 5 8971.626 8971.627 -0.001 

6 1 6 5 5 1 5 4 8971.662 8971.643 0.019 

6 1 6 7 5 1 5 6 8971.700 8971.691 0.009 

6 1 6 5 5 1 5 5 8973.678 8973.670 0.008 
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Table D.2 continued… 

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

6 0 6 5 5 0 5 5 9241.613 9241.604 0.009 

6 0 6 6 5 0 5 5 9239.919 9239.908 0.011 

6 0 6 7 5 0 5 6 9239.955 9239.951 0.004 

6 0 6 6 5 0 5 6 9238.507 9238.501 0.006 

6 1 5 6 5 1 4 5 9594.565 9594.557 0.008 

6 1 5 7 5 1 4 6 9594.615 9594.612 0.003 

6 1 5 5 5 1 4 5 9595.504 9595.510 -0.006 

7 1 7 8 6 1 6 7 10462.114 10462.143 -0.029 

7 0 7 7 6 0 6 6 10756.938 10756.949 -0.011 

7 0 7 8 6 0 6 7 10756.977 10756.992 -0.015 

3 2 2 3 2 2 1 2 4646.237ⱡ 4647.554 -1.317 

3 2 2 4 2 2 1 3 4647.487 ⱡ 4648.801 -1.314 

3 2 2 2 2 2 1 1 4648.184 ⱡ 4649.494 -1.310 

3 2 1 3 2 2 0 2 4652.676 ⱡ 4653.960 -1.284 

3 2 1 4 2 2 0 3 4653.912 ⱡ 4655.193 -1.281 

3 2 1 2 2 2 0 1 4654.606 ⱡ 4655.884 -1.278 

4 2 3 4 3 2 2 3 6194.722 ⱡ 6196.502 -1.780 

4 2 3 5 3 2 2 4 6195.253 ⱡ 6197.034 -1.781 

4 3 2 4 3 3 1 3 6197.969 ⱡ 6202.380 -4.411 

4 3 1 4 3 3 0 3 6198.064 ⱡ 6202.473 -4.409 

4 3 2 5 3 3 1 4 6199.122 ⱡ 6203.530 -4.408 

4 3 1 5 3 3 0 4 6199.217 ⱡ 6203.622 -4.405 

4 3 2 3 3 3 1 2 6199.571 ⱡ 6203.976 -4.405 

4 3 1 3 3 3 0 2 6199.664 ⱡ 6204.068 -4.404 

5 2 4 5 4 2 3 5 7741.288 ⱡ 7743.560 -2.272 

5 2 4 5 4 2 3 4 7741.817 ⱡ 7744.091 -2.274 

5 2 4 6 4 2 3 5 7742.109 ⱡ 7744.372 -2.263 

5 2 4 4 4 2 3 3 7742.127 ⱡ 7744.400 -2.273 

5 2 4 4 4 2 3 4 7742.792 ⱡ 7745.068 -2.276 

5 3 3 5 4 3 2 4 7749.657 ⱡ 7755.184 -5.527 

5 3 2 5 4 3 1 4 7749.987 ⱡ 7755.505 -5.518 

5 3 3 6 4 3 2 5 7750.248 ⱡ 7755.777 -5.529 

5 3 3 4 4 3 2 3 7750.400 ⱡ 7755.923 -5.523 

5 3 2 6 4 3 1 5 7750.582 ⱡ 7756.098 -5.516 

5 3 2 4 4 3 1 3 7750.728 ⱡ 7756.244 -5.516 

5 2 3 5 4 2 2 5 7773.180 ⱡ 7775.423 -2.243 

5 2 3 5 4 2 2 4 7773.809 ⱡ 7775.913 -2.104 
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Table D.2 continued… 

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

5 2 3 6 4 2 2 5 7774.068 ⱡ 7776.170 -2.102 

5 2 3 4 4 2 2 3 7774.102 ⱡ 7776.196 -2.094 

5 2 3 4 4 2 2 4 7774.708 ⱡ 7776.813 -2.105 

6 2 5 6 5 2 4 6 9286.741 ⱡ 9289.549 -2.808 

6 2 5 6 5 2 4 5 9287.557 ⱡ 9290.361 -2.804 

6 2 5 7 5 2 4 6 9287.725 ⱡ 9290.529 -2.804 

6 2 5 5 5 2 4 5 9288.699 ⱡ 9291.507 -2.808 

6 2 4 6 5 2 3 6 9342.490 ⱡ 9344.992 -2.502 

6 2 4 6 5 2 3 5 9343.238 ⱡ 9345.739 -2.501 

6 2 4 7 5 2 3 6 9343.380 ⱡ 9345.879 -2.499 

6 2 4 5 5 2 3 5 9344.281 ⱡ 9346.776 -2.495 

7 2 6 7 6 2 5 6 10831.762 ⱡ 10835.148 -3.386 

7 2 6 8 6 2 5 7 10831.869 ⱡ 10835.259 -3.390 
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Table D.3 Observed Transitions for H5C5N-DCCD 0
+
 State 

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

4 0 4 3 3 0 3 2 5887.645* 5887.640 0.005 

4 0 4 4 3 0 3 3 5887.709* 5887.714 -0.005 

4 0 4 5 3 0 3 4 5887.755* 5887.753 0.002 

5 1 4 5 4 1 3 4 7598.917 7598.917 0.000 

5 1 4 4 4 1 3 3 7598.973 7598.971 0.002 

5 1 4 6 4 1 3 5 7599.008 7599.002 0.006 

6 1 6 6 5 1 5 5 8564.610 8564.619 -0.009 

6 1 6 5 5 1 5 4 8564.644 8564.636 0.008 

6 1 6 7 5 1 5 6 8564.680 8564.679 0.001 

6 0 6 6 5 0 5 5 8806.316 8806.322 -0.006 

6 0 6 7 5 0 5 6 8806.351 8806.351 0.000 

6 1 5 6 5 1 4 5 9114.951 9114.953 -0.002 

6 1 5 5 5 1 4 4 9114.971 9114.982 -0.011 

6 1 5 7 5 1 4 6 9115.009 9115.007 0.002 

7 1 7 7 6 1 6 6 9986.954 9986.948 0.006 

7 1 7 8 6 1 6 7 9986.984 9986.990 -0.006 

7 0 7 7 6 0 6 6 10255.119 10255.120 -0.001 

7 0 7 8 6 0 6 7 10255.151 10255.148 0.003 

7 1 6 7 6 1 5 6 10628.818 10628.813 0.005 

7 1 6 8 6 1 5 7 10628.851 10628.851 0.000 
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Table D.4 Observed Transitions for H5C5N-DCCD 0
-
 State 

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

4 0 4 3 3 0 3 2 5876.597* 5876.591 0.006 

4 0 4 4 3 0 3 3 5876.654* 5876.663 -0.009 

4 0 4 5 3 0 3 4 5876.706* 5876.703 0.003 

5 1 4 5 4 1 3 4 7592.662 7592.663 -0.001 

5 1 4 4 4 1 3 3 7592.720 7592.719 0.001 

5 1 4 6 4 1 3 5 7592.751 7592.748 -0.003 

6 1 6 6 5 1 5 5 8542.048 8542.057 -0.009 

6 1 6 5 5 1 5 4 8542.081 8542.074 0.007 

6 1 6 7 5 1 5 6 8542.118 8542.117 0.001 

6 0 6 6 5 0 5 5 8789.336 8789.337 -0.001 

6 0 6 7 5 0 5 6 8789.369 8789.368 0.001 

6 1 5 6 5 1 4 5 9107.381 9107.380 0.001 

6 1 5 5 5 1 4 4 9107.402 9107.410 -0.008 

6 1 5 7 5 1 4 6 9107.439 9107.434 0.005 

7 1 7 7 6 1 6 6 9961.588 9961.585 0.003 

7 1 7 8 6 1 6 7 9961.625 9961.628 -0.003 

7 1 6 7 6 1 5 6 10619.898 10619.896 0.002 

7 1 6 8 6 1 5 7 10619.934 10619.934 -0.000 
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Table D.5 Observed Transitions for H5C5N-DCCH 0
+
 State  

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

3 1 3 3 2 1 2 2 4472.857* 4472.861 -0.004 

3 1 3 2 2 1 2 1 4473.137* 4473.138 -0.001 

3 1 3 4 2 1 2 3 4473.225* 4473.229 -0.004 

3 0 3 3 2 0 2 2 4616.668* 4616.672 -0.004 

3 0 3 4 2 0 2 3 4616.734* 4616.732 0.002 

3 1 2 3 2 1 1 2 4770.435* 4770.437 -0.002 

3 1 2 4 2 1 1 3 4770.772* 4770.773 -0.001 

3 1 2 2 2 1 1 1 4770.850* 4770.850 0.000 

4 1 4 4 3 1 3 3 5962.076* 5962.074 0.002 

4 1 4 3 3 1 3 2 5962.157* 5962.155 0.002 

4 1 4 5 3 1 3 4 5962.245* 5962.244 0.001 

4 0 4 3 3 0 3 2 6148.520* 6148.518 0.002 

4 0 4 4 3 0 3 3 6148.584* 6148.581 0.003 

4 0 4 5 3 0 3 4 6148.628* 6148.628 0.000 

4 1 3 4 3 1 2 3 6358.978* 6358.979 -0.001 

4 1 3 5 3 1 2 4 6359.135* 6359.128 0.007 

5 1 5 5 4 1 4 4 7449.546* 7449.539 0.007 

5 1 5 6 4 1 4 5 7449.638* 7449.637 0.001 

5 0 5 5 4 0 4 4 7674.529* 7674.534 -0.005 

5 0 5 6 4 0 4 5 7674.577* 7674.577 0.000 

5 1 4 5 4 1 3 4 7945.813* 7945.808 0.005 

5 1 4 6 4 1 3 5 7945.882* 7945.892 -0.010 

6 1 6 6 5 1 5 5 8934.952* 8934.957 -0.005 

6 1 6 5 5 1 5 4 8934.978* 8934.973 0.005 

6 1 6 7 5 1 5 6 8935.017* 8935.021 -0.004 

6 0 6 6 5 0 5 5 9193.123* 9193.123 0.000 

6 0 6 7 5 0 5 6 9193.167* 9193.165 0.002 

6 1 5 6 5 1 4 5 9530.540* 9530.534 0.006 

6 1 5 7 5 1 4 6 9530.584* 9530.589 -0.005 
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Table D.6 Observed Transitions for H5C5N-DCCH 0
-
 State  

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

3 1 3 3 2 1 2 2 4456.343* 4456.353 -0.010 

3 1 3 2 2 1 2 1 4456.623* 4456.630 -0.007 

3 1 3 4 2 1 2 3 4456.709* 4456.720 -0.011 

3 0 3 3 2 0 2 2 4605.466* 4605.475 -0.009 

3 0 3 4 2 0 2 3 4605.531* 4605.536 -0.005 

3 1 2 3 2 1 1 2 4765.359* 4765.364 -0.005 

3 1 2 4 2 1 1 3 4765.694* 4765.699 -0.005 

3 1 2 2 2 1 1 1 4765.773* 4765.776 -0.003 

4 1 4 4 3 1 3 3 5940.475* 5940.473 0.002 

4 1 4 3 3 1 3 2 5940.555* 5940.553 0.002 

4 1 4 5 3 1 3 4 5940.644* 5940.642 0.002 

4 0 4 3 3 0 3 2 6133.398* 6133.395 0.003 

4 0 4 4 3 0 3 3 6133.461* 6133.458 0.003 

4 0 4 5 3 0 3 4 6133.506* 6133.506 0.000 

4 1 3 4 3 1 2 3 6352.171* 6352.167 0.004 

4 1 3 5 3 1 2 4 6352.323* 6352.317 0.006 

5 1 5 5 4 1 4 4 7423.215* 7423.210 0.005 

5 1 5 4 4 1 4 3 7423.259* 7423.242 0.017 

5 1 5 6 4 1 4 5 7423.318* 7423.308 0.010 

5 0 5 4 4 0 4 3 7655.353* 7655.348 0.005 

5 0 5 5 4 0 4 4 7655.372* 7655.368 0.004 

5 0 5 6 4 0 4 5 7655.416* 7655.412 0.004 

5 1 4 5 4 1 3 4 7937.228* 7937.225 0.003 

5 1 4 6 4 1 3 5 7937.313* 7937.309 0.004 

6 1 6 6 5 1 5 5 8904.367* 8904.376 -0.009 

6 1 6 5 5 1 5 4 8904.393* 8904.392 0.001 

6 1 6 7 5 1 5 6 8904.433* 8904.441 -0.008 

6 0 6 6 5 0 5 5 9169.835* 9169.838 -0.003 

6 0 6 7 5 0 5 6 9169.877* 9169.881 -0.004 

6 1 5 6 5 1 4 5 9520.145* 9520.147 -0.002 

6 1 5 7 5 1 4 6 9520.199* 9520.202 -0.003 
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Table D.7 Observed Transitions for H5C5N-HCCD 0
+
 State  

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

3 1 3 3 2 1 2 2 4316.093* 4316.093 0.000 

3 1 3 2 2 1 2 1 4316.368* 4316.369 -0.001 

3 1 3 4 2 1 2 3 4316.459* 4316.460 -0.001 

3 0 3 3 2 0 2 2 4451.008* 4451.015 -0.007 

3 0 3 4 2 0 2 3 4451.076* 4451.074 0.002 

3 1 2 3 2 1 1 2 4594.195* 4594.196 -0.001 

3 1 2 4 2 1 1 3 4594.529* 4594.530 -0.001 

3 1 2 2 2 1 1 1 4594.610* 4594.609 0.001 

4 1 4 4 3 1 3 3 5753.345* 5753.344 0.001 

4 1 4 3 3 1 3 2 5753.425* 5753.424 0.001 

4 1 4 5 3 1 3 4 5753.514* 5753.513 0.001 

4 0 4 3 3 0 3 2 5928.590* 5928.587 0.003 

4 0 4 4 3 0 3 3 5928.656* 5928.651 0.005 

4 0 4 5 3 0 3 4 5928.696* 5928.697 -0.001 

4 1 3 4 3 1 2 3 6124.232* 6124.235 -0.003 

4 1 3 5 3 1 2 4 6124.388* 6124.384 0.004 

5 1 5 5 4 1 4 4 7189.094* 7189.091 0.003 

5 1 5 4 4 1 4 3 7189.120* 7189.122 -0.002 

5 1 5 6 4 1 4 5 7189.187* 7189.188 -0.001 

5 0 5 4 4 0 4 3 7401.109* 7401.114 -0.005 

5 0 5 5 4 0 4 4 7401.139* 7401.136 0.003 

5 0 5 6 4 0 4 5 7401.176* 7401.178 -0.002 

5 1 4 5 4 1 3 4 7652.783* 7652.782 0.001 

5 1 4 6 4 1 3 5 7652.864* 7652.865 -0.001 

6 0 6 6 5 0 5 5 8867.246* 8867.244 0.002 

6 0 6 7 5 0 5 6 8867.284* 8867.285 -0.001 
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Table D.8 Observed Transitions for H5C5N-HCCD 0
-
 State  

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

3 1 3 3 2 1 2 2 4304.151* 4304.158 -0.007 

3 1 3 2 2 1 2 1 4304.425* 4304.432 -0.007 

3 1 3 4 2 1 2 3 4304.516* 4304.522 -0.006 

3 0 3 3 2 0 2 2 4442.941* 4442.950 -0.009 

3 0 3 4 2 0 2 3 4443.006* 4443.009 -0.003 

3 1 2 3 2 1 1 2 4590.540* 4590.542 -0.002 

3 1 2 4 2 1 1 3 4590.872* 4590.875 -0.003 

3 1 2 2 2 1 1 1 4590.953* 4590.952 0.001 

4 1 4 4 3 1 3 3 5737.722* 5737.721 0.001 

4 1 4 3 3 1 3 2 5737.803* 5737.801 0.002 

4 1 4 5 3 1 3 4 5737.893* 5737.890 0.003 

4 0 4 3 3 0 3 2 5917.719* 5917.714 0.005 

4 0 4 4 3 0 3 3 5917.781* 5917.777 0.004 

4 0 4 5 3 0 3 4 5917.823* 5917.824 -0.001 

4 1 3 4 3 1 2 3 6119.335* 6119.336 -0.001 

4 1 3 5 3 1 2 4 6119.490* 6119.484 0.006 

5 1 5 5 4 1 4 4 7170.047* 7170.043 0.004 

5 1 5 4 4 1 4 3 7170.086* 7170.074 0.012 

5 1 5 6 4 1 4 5 7170.142* 7170.139 0.003 

5 0 5 4 4 0 4 3 7387.359* 7387.360 -0.001 

5 0 5 5 4 0 4 4 7387.391* 7387.382 0.009 

5 0 5 6 4 0 4 5 7387.423* 7387.424 -0.001 

5 1 4 5 4 1 3 4 7646.618* 7646.619 -0.001 

5 1 4 6 4 1 3 5 7646.701* 7646.702 -0.001 

6 1 6 6 5 1 5 5 8600.943* 8600.953 -0.010 

6 1 6 5 5 1 5 4 8600.983* 8600.968 0.015 

6 1 6 7 5 1 5 6 8601.001* 8601.016 -0.015 

6 0 6 6 5 0 5 5 8850.562* 8850.562 0.000 

6 0 6 7 5 0 5 6 8850.598* 8850.603 -0.005 
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Table D.9 Observed Transitions for Inner-meta 
13

C- H5C5N-HCCH 

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

3 1 3 3 2 1 2 2 4473.803* 4473.806 -0.003 

3 1 3 2 2 1 2 1 4474.080* 4474.087 -0.007 

3 1 3 4 2 1 2 3 4474.172* 4474.175 -0.003 

3 0 3 2 2 0 2 1 4623.762* 4623.766 -0.004 

3 0 3 3 2 0 2 2 4623.938* 4623.945 -0.007 

3 0 3 4 2 0 2 3 4624.002* 4624.005 -0.003 

3 1 2 3 2 1 1 2 4785.348* 4785.349 -0.001 

3 1 2 4 2 1 1 3 4785.685* 4785.687 -0.002 

3 1 2 2 2 1 1 1 4785.760* 4785.762 -0.002 

4 1 4 4 3 1 3 3 5963.564* 5963.560 0.004 

4 1 4 5 3 1 3 4 5963.736* 5963.730 0.006 

4 0 4 3 3 0 3 2 6157.626* 6157.618 0.008 

4 0 4 4 3 0 3 3 6157.685* 6157.680 0.005 

4 0 4 5 3 0 3 4 6157.735* 6157.729 0.006 

4 1 3 4 3 1 2 3 6378.728* 6378.725 0.003 

4 1 3 5 3 1 2 4 6378.880* 6378.876 0.004 

5 1 5 5 4 1 4 4 7451.771* 7451.775 -0.004 

5 1 5 6 4 1 4 5 7451.867* 7451.873 -0.006 

5 0 5 5 4 0 4 4 7684.992* 7684.997 -0.005 

5 0 5 6 4 0 4 5 7685.039* 7685.041 -0.002 

5 1 4 5 4 1 3 4 7970.272* 7970.272 0.000 

5 1 4 6 4 1 3 5 7970.362* 7970.356 0.006 

4 1 4 3 3 1 3 2 5963.649* 5963.642 0.007 

5 1 5 4 4 1 4 3 7451.811* 7451.807 0.004 

5 1 4 4 4 1 3 3 7970.327* 7970.336 -0.009 
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Table D.10 Observed Transitions for Outer-meta 
13

C- H5C5N-HCCH 

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

3 1 3 3 2 1 2 2 4459.823* 4459.816 0.007 

3 1 3 2 2 1 2 1 4460.097* 4460.095 0.002 

3 1 3 4 2 1 2 3 4460.188* 4460.181 0.007 

3 0 3 2 2 0 2 1 4606.085* 4606.085 0.000 

3 0 3 3 2 0 2 2 4606.265* 4606.264 0.001 

3 0 3 4 2 0 2 3 4606.324* 4606.323 0.001 

3 1 2 3 2 1 1 2 4763.119* 4763.120 -0.001 

3 1 2 4 2 1 1 3 4763.453* 4763.454 -0.001 

3 1 2 2 2 1 1 1 4763.531* 4763.528 0.003 

4 1 4 4 3 1 3 3 5944.755* 5944.762 -0.007 

4 1 4 3 3 1 3 2 5944.836* 5944.843 -0.007 

4 1 4 5 3 1 3 4 5944.923* 5944.930 -0.007 

4 0 4 3 3 0 3 2 6134.419* 6134.419 0.000 

4 0 4 4 3 0 3 3 6134.480* 6134.482 -0.002 

4 0 4 5 3 0 3 4 6134.527* 6134.529 -0.002 

4 1 3 4 3 1 2 3 6349.150* 6349.153 -0.003 

4 1 3 5 3 1 2 4 6349.303* 6349.302 0.001 

5 1 5 5 4 1 4 4 7428.038* 7428.035 0.003 

5 1 5 4 4 1 4 3 7428.073* 7428.068 0.005 

5 1 5 6 4 1 4 5 7428.131* 7428.132 -0.001 

5 0 5 5 4 0 4 4 7656.577* 7656.573 0.004 

5 0 5 6 4 0 4 5 7656.614* 7656.616 -0.002 

5 1 4 5 4 1 3 4 7933.418* 7933.415 0.003 

5 1 4 6 4 1 3 5 7933.503* 7933.499 0.004 

5 1 4 4 4 1 3 3 7933.472* 7933.479 -0.007 
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Table D.11 Observed Transitions for Inner-ortho 
13

C- H5C5N-HCCH 

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

3 1 3 3 2 1 2 2 4496.820* 4496.819 0.001 

3 1 3 2 2 1 2 1 4497.097* 4497.098 -0.001 

3 1 3 4 2 1 2 3 4497.188* 4497.186 0.002 

3 0 3 2 2 0 2 1 4645.261* 4645.262 -0.001 

3 0 3 3 2 0 2 2 4645.441* 4645.441 0.000 

3 0 3 4 2 0 2 3 4645.500* 4645.501 -0.001 

3 1 2 3 2 1 1 2 4804.721* 4804.722 -0.001 

3 1 2 4 2 1 1 3 4805.058* 4805.058 0.000 

3 1 2 2 2 1 1 1 4805.136* 4805.133 0.003 

4 1 4 4 3 1 3 3 5993.981* 5993.981 0.000 

4 1 4 3 3 1 3 2 5994.060* 5994.062 -0.002 

4 1 4 5 3 1 3 4 5994.148* 5994.150 -0.002 

4 0 4 3 3 0 3 2 6186.435* 6186.432 0.003 

4 0 4 4 3 0 3 3 6186.497* 6186.495 0.002 

4 0 4 5 3 0 3 4 6186.539* 6186.543 -0.004 

4 1 3 4 3 1 2 3 6404.581* 6404.583 -0.002 

4 1 3 5 3 1 2 4 6404.732* 6404.733 -0.001 

5 1 5 5 4 1 4 4 7489.369* 7489.368 0.001 

5 1 5 4 4 1 4 3 7489.404* 7489.400 0.004 

5 1 5 6 4 1 4 5 7489.461* 7489.465 -0.004 

5 0 5 5 4 0 4 4 7721.225* 7721.225 0.000 

5 0 5 6 4 0 4 5 7721.267* 7721.268 -0.001 

5 1 4 5 4 1 3 4 8002.637* 8002.635 0.002 

5 1 4 4 4 1 3 3 8002.692* 8002.699 -0.007 

5 1 4 6 4 1 3 5 8002.725* 8002.719 0.006 
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Table D.12 Observed Transitions for Outer-ortho 
13

C- H5C5N-HCCH 

J’ Ka’ Kc’ F’ J” Ka” Kc” F’’ 

Observed 

Frequency 

(MHz) 

Calculated 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

3 1 3 3 2 1 2 2 4481.705* 4481.707 -0.002 

3 1 3 2 2 1 2 1 4481.984* 4481.987 -0.003 

3 1 3 4 2 1 2 3 4482.074* 4482.076 -0.002 

3 0 3 2 2 0 2 1 4632.276* 4632.277 -0.001 

3 0 3 3 2 0 2 2 4632.454* 4632.456 -0.002 

3 0 3 4 2 0 2 3 4632.513* 4632.517 -0.004 

3 1 2 3 2 1 1 2 4794.288* 4794.288 -0.000 

3 1 2 4 2 1 1 3 4794.623* 4794.625 -0.002 

3 1 2 2 2 1 1 1 4794.702* 4794.700 0.002 

4 1 4 4 3 1 3 3 5974.119* 5974.116 0.003 

4 1 4 3 3 1 3 2 5974.202* 5974.198 0.004 

4 1 4 5 3 1 3 4 5974.289* 5974.286 0.003 

4 0 4 3 3 0 3 2 6168.975* 6168.972 0.003 

4 0 4 4 3 0 3 3 6169.038* 6169.034 0.004 

4 0 4 5 3 0 3 4 6169.085* 6169.083 0.002 

4 1 3 4 3 1 2 3 6390.622* 6390.620 0.002 

4 1 3 3 3 1 2 2 6390.756* 6390.759 -0.003 

4 1 3 5 3 1 2 4 6390.773* 6390.771 0.002 

5 0 5 5 4 0 4 4 7699.192* 7699.200 -0.008 

5 0 5 6 4 0 4 5 7699.250* 7699.245 0.005 

5 1 5 5 4 1 4 4 7465.003* 7465.005 -0.002 

5 1 5 6 4 1 4 5 7465.096* 7465.103 -0.007 

5 1 4 5 4 1 3 4 7985.104* 7985.104 0.000 

5 1 4 6 4 1 3 5 7985.195* 7985.188 0.007 

5 1 4 4 4 1 3 3 7985.161* 7985.168 -0.007 

5 1 5 4 4 1 4 3 7465.044* 7465.038 0.006 
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Appendix E : Supplemental Material for Chapter 5 

Table E.1 H2O - Pyridine Transitions  

 v’ v’’ J’ K-1’ K1’ J’’ K-1’’ K1’’ F’ F’’ 

Observed 

Frequency 

(MHz) 

Obs-

Calc 

(MHz) 

 0 0 1 0 1 0 0 0 1 1 2654.210 -0.010 

 0 0 1 0 1 0 0 0 2 1 2655.529 0.005 

 0 0 1 0 1 0 0 0 0 1 2657.497 0.016 

 1 1 1 0 1 0 0 0 1 1 2698.605 -0.012 

 1 1 1 0 1 0 0 0 2 1 2699.969 0.003 

 1 1 1 0 1 0 0 0 0 1 2701.999 0.009 

 0 1 4 1 4 3 0 3 3 2 2747.557 -0.006 

 0 1 4 1 4 3 0 3 4 3 2747.706 -0.003 

 0 1 4 1 4 3 0 3 5 4 2747.725 0.017 

 0 1 5 1 5 4 0 4 4 3 4554.778 0.001 

 0 1 5 1 5 4 0 4 5 4 4554.828 -0.003 

 0 1 5 1 5 4 0 4 6 5 4554.858 -0.001 

 1 1 2 1 2 1 1 1 2 1 4654.768 -0.021 

 1 1 2 1 2 1 1 1 3 2 4656.007 -0.013 

 0 0 2 1 2 1 1 1 2 1 4899.613 -0.006 

*           4899.638  

 0 0 2 1 2 1 1 1 2 2 4900.022 0.027 

*           4900.045  

 0 0 2 1 2 1 1 1 3 2 4900.976 -0.002 

*           4900.996  

 0 0 2 1 2 1 1 1 1 0 4902.115 0.026 

*           4902.137  

 0 0 2 0 2 1 0 1 1 0 5295.234 -0.008 

 0 0 2 0 2 1 0 1 2 1 5296.302 -0.001 

 0 0 2 0 2 1 0 1 3 2 5296.415 0.002 

 0 0 2 0 2 1 0 1 1 2 5297.209 0.010 

 0 0 2 0 2 1 0 1 1 1 5298.519 0.016 

*           5366.142  

 1 1 2 0 2 1 0 1 2 2 5366.161 -0.009 

*           5366.406  

 1 1 2 0 2 1 0 1 1 0 5366.420 -0.014 

*           5367.506  

 1 1 2 0 2 1 0 1 2 1 5367.521 0.002 

*           5367.619  

 1 1 2 0 2 1 0 1 3 2 5367.636 -0.005 

*           5369.636  

 1 1 2 0 2 1 0 1 1 1 5369.815 0.008 
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Table E.1 continued… 

 v’ v’’ J’ K-1’ K1’ J’’ K-1’’ K1’’ F’ F’’ 

Observed 

Frequency 

(MHz) 

Obs-

Calc 

(MHz) 

 0 0 2 1 1 1 1 0 2 1 5590.988 0.01 

 0 0 2 1 1 1 1 0 3 2 5592.318 0.003 

 0 0 2 1 1 1 1 0 1 0 5593.941 0.019 

 0 1 6 1 6 5 0 5 5 4 6361.116 0.005 

 0 1 6 1 6 5 0 5 6 5 6361.127 -0.012 

 0 1 6 1 6 5 0 5 7 6 6361.168 0.002 

*           7122.265  

 1 1 3 1 3 2 1 2 3 2 7122.388 0.015 

*           7122.667  

 1 1 3 1 3 2 1 2 4 3 7122.789 0.001 

 0 0 3 1 3 2 1 2 3 3 7370.853 0.019 

*           7370.874  

 0 0 3 1 3 2 1 2 3 2 7371.806 -0.011 

*           7371.826  

 0 0 3 1 3 2 1 2 2 1 7372.153 0.005 

 0 0 3 1 3 2 1 2 4 3 7372.206 -0.007 

*           7372.225  

 0 0 3 1 3 2 1 2 2 2 7373.631 -0.047 

*           7373.652  

*           7839.502  

 1 1 3 1 2 2 1 1 3 2 7839.777 0.014 

*           7839.880  

 1 1 3 1 2 2 1 1 4 3 7840.155 -0.09 

*           7840.012  

 1 1 3 1 2 2 1 1 2 1 7840.286 0.026 

 0 0 3 0 3 2 0 2 3 3 7906.807 -0.011 

 0 0 3 0 3 2 0 2 2 1 7908.046 0.000 

 0 0 3 0 3 2 0 2 3 2 7908.233 0.001 

 0 0 3 0 3 2 0 2 4 3 7908.311 0.001 

 0 0 3 0 3 2 0 2 2 2 7910.268 0.022 

 1 1 3 0 3 2 0 2 2 1 7980.324 -0.014 

 1 1 3 0 3 2 0 2 3 2 7980.521 0.001 

 1 1 3 0 3 2 0 2 4 3 7980.604 -0.005 

 0 0 3 2 1 2 2 0 3 2 8280.821 0.024 

*           8280.954  

 0 0 3 2 1 2 2 0 4 3 8282.177 0.013 

*           8282.304  

 0 0 3 2 1 2 2 0 2 1 8282.867 -0.027 

*           8283.001  
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Table E.1 continued…  

 

 

 
v’ v’’ J’ K-1’ K1’ J’’ K-1’’ K1’’ F’ F’’ 

Observed 

Frequency 

(MHz) 

Obs-

Calc 

(MHz) 

 0 0 3 1 2 2 1 1 3 3 8380.052 0.033 

 0 0 3 1 2 2 1 1 3 2 8380.425 0.000 

 0 0 3 1 2 2 1 1 4 3 8380.805 -0.002 

 0 0 3 1 2 2 1 1 2 1 8380.855 -0.002 

 0 0 3 1 2 2 1 1 2 2 8381.438 -0.052 

 0 0 3 2 2 2 2 1 3 2 8448.419 0.007 

*           8448.707  

 0 0 3 2 2 2 2 1 4 3 8448.809 0.010 

*           8450.093  

 0 0 3 2 2 2 2 1 2 1 8450.495 -0.031 

*           8450.779  

 1 1 4 1 4 3 1 3 4 3 9636.320 0.002 

 1 1 4 1 4 3 1 3 5 4 9636.537 0.008 

 0 0 4 1 4 3 1 3 4 3 9852.538 -0.011 

 0 0 4 1 4 3 1 3 3 2 9852.652 0.004 

 0 0 4 1 4 3 1 3 5 4 9852.726 -0.004 

*           10143.832  

 1 1 4 2 3 3 2 2 4 3 10142.929 0.033 

*           10144.378  

 1 1 4 2 3 3 2 2 5 4 10144.477 -0.016 

 1 1 4 2 3 3 2 2 3 2 10144.627 -0.025 

*           10306.578  

 1 1 4 2 2 3 2 1 4 3 10306.673 0.034 

*           10307.087  

 1 1 4 2 2 3 2 1 5 4 10307.182 -0.019 

 1 1 4 2 2 3 2 1 3 2 10307.334 -0.020 

 0 0 4 0 4 3 0 3 4 4 10474.508 -0.019 

 0 0 4 0 4 3 0 3 3 2 10475.971 0.005 

 0 0 4 0 4 3 0 3 4 3 10476.023 0.004 

 0 0 4 0 4 3 0 3 5 4 10476.090 0.003 

 0 0 4 0 4 3 0 3 3 3 10478.006 0.025 

*           10490.596  

 1 1 4 1 3 3 1 2 4 3 10490.852 -0.013 

 1 1 4 1 3 3 1 2 5 4 10491.088 0.001 

 1 1 4 0 4 3 0 3 3 2 10525.872 -0.005 

 1 1 4 0 4 3 0 3 4 3 10525.927 0.002 

 1 1 4 0 4 3 0 3 5 4 10525.998 -0.004 
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Table E.1 continued…  

 
v’ v’’ J’ K-1’ K1’ J’’ K-1’’ K1’’ F’ F’’ 

Observed 

Frequency 

(MHz) 

Obs-

Calc 

(MHz) 

 1 1 4 1 4 3 1 3 4 3 9636.320 0.002 

 1 1 4 1 4 3 1 3 5 4 9636.537 0.008 

 0 0 4 1 4 3 1 3 4 3 9852.538 -0.011 

 0 0 4 1 4 3 1 3 3 2 9852.652 0.004 

 0 0 4 1 4 3 1 3 5 4 9852.726 -0.004 

*           10143.832  

 1 1 4 2 3 3 2 2 4 3 10142.929 0.033 

*           10144.378  

 1 1 4 2 3 3 2 2 5 4 10144.477 -0.016 

 1 1 4 2 3 3 2 2 3 2 10144.627 -0.025 

*           10306.578  

 1 1 4 2 2 3 2 1 4 3 10306.673 0.034 

*           10307.087  

 1 1 4 2 2 3 2 1 5 4 10307.182 -0.019 

 1 1 4 2 2 3 2 1 3 2 10307.334 -0.020 

 0 0 4 0 4 3 0 3 4 4 10474.508 -0.019 

 0 0 4 0 4 3 0 3 3 2 10475.971 0.005 

 0 0 4 0 4 3 0 3 4 3 10476.023 0.004 

 0 0 4 0 4 3 0 3 5 4 10476.090 0.003 

 0 0 4 0 4 3 0 3 3 3 10478.006 0.025 

*           10490.596  

 1 1 4 1 3 3 1 2 4 3 10490.852 -0.013 

 1 1 4 1 3 3 1 2 5 4 10491.088 0.001 

 1 1 4 0 4 3 0 3 3 2 10525.872 -0.005 

 1 1 4 0 4 3 0 3 4 3 10525.927 0.002 

 1 1 4 0 4 3 0 3 5 4 10525.998 -0.004 

 0 0 4 2 2 3 2 1 4 3 10942.369 0.029 

*           10942.431  

 0 0 4 2 2 3 2 1 5 4 10942.880 -0.001 

*           10942.935  

 0 0 4 2 2 3 2 1 3 2 10942.989 -0.018 

*           10943.045  

 0 0 4 1 3 3 1 2 4 3 11159.730 -0.007 

 0 0 4 1 3 3 1 2 3 2 11159.871 -0.012 

 0 0 4 1 3 3 1 2 5 4 11159.916 0.005 

 0 0 4 2 3 3 2 2 4 3 11196.733 0.024 

*           11197.014  

 0 0 4 2 3 3 2 2 5 4 11197.258 -0.004 

*           11197.535  
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Table E.1 continued… 

 v’ v’’ J’ K-1’ K1’ J’’ K-1’’ K1’’ F’ F’’ 

Observed 

Frequency 

(MHz) 

Obs-

Calc 

(MHz) 

 0 0 4 2 3 3 2 2 3 2 11197.356 -0.029 

*           11197.636  

 1 1 5 1 5 4 1 4 5 4 12171.529 -0.008 

 1 1 5 1 5 4 1 4 4 3 12171.637 0.022 

 1 1 5 1 5 4 1 4 6 5 12171.682 0.016 

 0 0 5 1 5 4 1 4 5 5 12331.493 0.004 

 0 0 5 1 5 4 1 4 5 4 12333.036 -0.012 

 0 0 5 1 5 4 1 4 4 3 12333.092 0.001 

 0 0 5 1 5 4 1 4 6 5 12333.149 -0.004 

 0 0 5 1 5 4 1 4 4 4 12335.029 -0.022 

*           12704.949  

 1 1 5 2 4 4 2 3 5 4 12705.055 0.012 

*           12705.245  

 1 1 5 2 4 4 2 3 6 5 12705.345 -0.018 

 1 1 5 2 4 4 2 3 4 3 12705.402 0.003 

 0 0 5 0 5 4 0 4 5 4 12985.958 0.004 

 0 0 5 0 5 4 0 4 6 5 12986.030 0.009 

 1 1 5 0 5 4 0 4 5 4 12998.505 0.004 

 1 1 5 0 5 4 0 4 6 5 12998.581 0.008 

*           13017.623  

 1 1 5 2 3 4 2 2 5 4 13017.720 0.010 

*           13017.878  

 1 1 5 2 3 4 2 2 6 5 13017.971 -0.017 

*           13017.935  

 1 1 5 2 3 4 2 2 4 3 13018.025 0.005 

 1 1 5 1 4 4 1 3 6 5 13145.448 0.002 

 0 0 5 2 3 4 2 2 5 4 13617.230 0.018 

*           13617.283  

 0 0 5 2 3 4 2 2 6 5 13617.452 -0.015 

*           13617.510  

 0 0 5 2 4 4 2 3 5 4 13912.383 0.028 

 0 0 5 2 4 4 2 3 6 5 13912.620 -0.007 

*           13912.877  

 0 0 5 1 4 4 1 3 5 4 13925.251 -0.002 

 0 0 5 1 4 4 1 3 4 3 13925.305 -0.019 

 0 0 5 1 4 4 1 3 6 5 13925.358 0.003 

 1 1 6 1 6 5 1 5 6 5 14711.516 -0.004 

 1 1 6 1 6 5 1 5 5 4 14711.566 -0.005 
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Table E.1 continued… 

 v’ v’’ J’ K-1’ K1’ J’’ K-1’’ K1’’ F’ F’’ 

Observed 

Frequency 

(MHz) 

Obs-

Calc 

(MHz) 

 1 1 6 1 6 5 1 5 7 6 14711.627 0.016 

 0 0 6 1 6 5 1 5 6 5 14804.812 0.003 

 0 0 6 1 6 5 1 5 7 6 14804.880 -0.001 

*           15275.130  

 1 1 6 2 5 5 2 4 6 5 15275.228 0.006 

*           15275.324  

 1 1 6 2 5 5 2 4 7 6 15275.414 -0.002 

 1 1 6 0 6 5 0 5 7 6 15401.079 -0.035 

 0 0 6 0 6 5 0 5 7 6 15429.449 0.022 

 1 1 6 2 4 5 2 3 6 5 15791.135 0.003 

 1 1 6 2 4 5 2 3 7 6 15791.280 -0.003 

 0 0 6 2 4 5 2 3 6 5 16327.323 0.011 

 0 0 6 2 4 5 2 3 7 6 16327.429 -0.010 

 0 0 6 1 5 5 1 4 7 6 16671.887 -0.001 

● 1 1 7 1 7 6 1 6 8 7 17240.945 -0.071 

● 0 0 7 1 7 6 1 6 7 6 17261.629 -0.012 

● 0 0 7 1 7 6 1 6 8 7 17261.708 0.013 

● 1 1 7 0 7 6 0 6 8 7 17746.464 -0.059 

● 0 0 7 0 7 6 0 6 8 7 17807.489 0.013 

● 1 1 7 2 6 6 2 5 8 7 17852.831 -0.044 

 

* The doubled counterparts resulting from the second set of smaller splittings.  The 

transitions in bold are the more intense of the two signals.  If neither signal is 

bolded, the transitions were of similar intensity.  

● Transitions were only observed in the chirped-pulse spectrum. These transitions 

were not included in the final fit.  The residuals listed use the predicted frequency 

from the constants reported in the paper.  
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Table E.2 D2O - Pyridine Transitions 

 

 

 

v’ v’’ J’ K-1’ K1’ J’’ K-1’’ K1’’ F’ F’’ 

Observed 

Frequency 

(MHz) 

Obs-

Calc 

(MHz) 

 
0 0 1 0 1 0 0 0 1 1 2510.193 -0.016 

*           2510.218  

 
0 0 1 0 1 0 0 0 2 1 2511.513 -0.015 

*           2511.563  

 
0 0 1 0 1 0 0 0 0 1 2513.510 0.003 

 
1 1 1 0 1 0 0 0 1 1 2538.761 -0.016 

*           2538.784  

*           2538.807  

 
1 1 1 0 1 0 0 0 2 1 2540.144 0.017 

*           2540.158  

 
1 1 1 0 1 0 0 0 0 1 2542.149 -0.003 

 
0 1 6 1 6 5 0 5 6 5 2827.200 0.010 

 
0 1 6 1 6 5 0 5 7 6 2827.268 -0.009 

 
0 1 7 1 7 6 0 6 7 6 4569.238 0.004 

 
0 1 7 1 7 6 0 6 6 5 4569.284 0.005 

 
0 1 7 1 7 6 0 6 8 7 4569.307 -0.004 

 
0 0 2 1 2 1 1 1 2 1 4674.701 0.006 

 
0 0 2 1 2 1 1 1 3 2 4676.050 -0.025 

 
0 0 2 1 2 1 1 1 1 0 4677.212 0.018 

 
0 0 2 0 2 1 0 1 2 2 5009.706 0.003 

 
0 0 2 0 2 1 0 1 1 0 5009.944 -0.003 

 
0 0 2 0 2 1 0 1 3 2 5011.133 0.001 

 
0 0 2 0 2 1 0 1 1 2 5011.941 0.014 

 
0 0 2 0 2 1 0 1 1 1 5013.234 -0.012 

 
0 0 2 1 1 1 1 0 2 1 5276.829 0.009 

 
0 0 2 1 1 1 1 0 3 2 5278.141 -0.023 

 
0 1 8 1 8 7 0 7 8 7 6378.610 -0.005 

 
0 1 8 1 8 7 0 7 9 8 6378.674 -0.002 

*           6621.114  

 
1 1 3 1 3 2 1 2 3 2 6621.143 -0.029 

*           6621.866  

 
1 1 3 1 3 2 1 2 4 3 6621.891 0.010 

 
1 1 3 1 3 2 1 2 2 1 6622.125 0.040 

*           6622.149  

 
0 0 3 1 3 2 1 2 3 2 7020.874 -0.014 

*           7020.894  
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Table E.2 continued… 

 

 

 

v’ v’’ J’ K-1’ K1’ J’’ K-1’’ K1’’ F’ F’’ 

Observed 

Frequency 

(MHz) 

Obs-

Calc 

(MHz) 

*           7021.222  

 0 0 3 1 3 2 1 2 2 1 7021.238 0.012 

 0 0 3 1 3 2 1 2 4 3 7021.280 -0.012 

 0 0 3 2 2 2 2 1 3 2 7045.388 -0.056 

*           7045.420  

*           7045.483  

 0 0 3 2 2 2 2 1 4 3 7046.267 -0.011 

*           7046.300  

 0 0 3 2 2 2 2 1 2 1 7046.741 0.068 

*           7046.764  

 0 0 3 0 3 2 0 2 3 3 7485.833 0.002 

 0 0 3 0 3 2 0 2 2 1 7487.074 0.003 

 0 0 3 0 3 2 0 2 3 2 7487.264 0.004 

 0 0 3 0 3 2 0 2 4 3 7487.342 0.004 

 0 0 3 0 3 2 0 2 2 2 7489.295 0.000 

 1 1 3 0 3 2 0 2 2 1 7541.888 -0.003 

 1 1 3 0 3 2 0 2 3 2 7542.082 0.002 

 1 1 3 0 3 2 0 2 4 3 7542.161 -0.002 

 0 0 3 1 2 2 1 1 3 3 7910.230 0.016 

*           7910.274  

 0 0 3 1 2 2 1 1 3 2 7910.610 -0.002 

 0 0 3 1 2 2 1 1 4 3 7910.993 -0.005 

 1 1 3 1 2 2 1 1 3 2 8354.687 0.057 

*           8354.700  

 1 1 3 1 2 2 1 1 4 3 8355.590 -0.011 

*           8355.636  

 1 1 3 1 2 2 1 1 2 1 8355.954 -0.084 

*           8355.983  

 1 1 4 1 4 3 1 3 4 3 9104.363 -0.029 

 1 1 4 1 4 3 1 3 5 4 9104.737 0.011 

 0 0 4 1 4 3 1 3 4 3 9370.053 -0.005 

 0 0 4 1 4 3 1 3 3 2 9370.164 0.005 

 0 0 4 1 4 3 1 3 5 4 9370.239 -0.004 

 0 0 4 2 3 3 2 2 4 3 9644.449 -0.038 

 0 0 4 2 3 3 2 2 5 4 9644.886 0.005 

 0 0 4 2 3 3 2 2 3 2 9644.989 0.037 
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Table E.2 continued…  

 v’ v’’ J’ K-1’ K1’ J’’ K-1’’ K1’’ F’ F’’ 

Observed 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

 0 0 4 0 4 3 0 3 4 4 9926.427 0.002 

 0 0 4 0 4 3 0 3 3 2 9927.883 0.005 

 0 0 4 0 4 3 0 3 4 3 9927.937 0.005 

 0 0 4 0 4 3 0 3 5 4 9928.007 0.007 

 
0 0 4 0 4 3 0 3 3 3 9929.919 0.006 

 
1 1 4 0 4 3 0 3 3 2 9973.139 -0.001 

 
1 1 4 0 4 3 0 3 4 3 9973.197 0.004 

 
1 1 4 0 4 3 0 3 5 4 9973.266 0.001 

 
0 0 4 2 2 3 2 1 4 3 10396.006 0.036 

 
0 0 4 2 2 3 2 1 5 4 10396.378 -0.019 

 
0 0 4 2 2 3 2 1 3 2 10396.433 -0.030 

 
0 0 4 1 3 3 1 2 4 3 10536.124 0.003 

 
0 0 4 1 3 3 1 2 3 2 10536.261 -0.008 

 
0 0 4 1 3 3 1 2 5 4 10536.301 0.004 

 
1 1 4 1 3 3 1 2 4 3 10865.306 0.055 

 
1 1 4 1 3 3 1 2 5 4 10865.630 -0.009 

 
1 1 4 1 3 3 1 2 3 2 10865.657 -0.036 

 
1 1 5 1 5 4 1 4 5 4 11564.150 -0.012 

 
1 1 5 1 5 4 1 4 6 5 11564.359 0.009 

 
0 0 5 1 5 4 1 4 5 4 11718.588 -0.004 

 
0 0 5 1 5 4 1 4 4 3 11718.641 0.007 

 
0 0 5 1 5 4 1 4 6 5 11718.700 0.002 

 
1 1 5 2 4 4 2 3 5 4 11924.439 0.003 

 
1 1 5 2 4 4 2 3 6 5 11924.747 -0.010 

● 1 1 5 2 3 4 2 2 5 4 12169.128 0.007 

● 1 1 5 2 3 4 2 2 6 5 12169.384 -0.020 

 
0 0 5 2 4 4 2 3 5 4 12207.202 -0.027 

 
0 0 5 2 4 4 2 3 6 5 12207.454 0.001 

 
0 0 5 2 4 4 2 3 4 3 12207.499 0.039 

 
0 0 5 0 5 4 0 4 5 5 12320.288 0.000 

 
0 0 5 0 5 4 0 4 5 4 12321.864 0.001 

 
0 0 5 0 5 4 0 4 6 5 12321.933 0.004 

 
0 0 5 0 5 4 0 4 4 4 12323.842 0.004 

 
1 1 5 0 5 4 0 4 5 4 12344.220 0.009 

 
1 1 5 0 5 4 0 4 6 5 12344.280 0.002 

● 0 0 5 2 3 4 2 2 5 4 12864.091 0.050 

● 0 0 5 2 3 4 2 2 6 5 12864.218 -0.022 
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Table E.2 continued…  

 

 

 

 v’ v’’ J’ K-1’ K1’ J’’ K-1’’ K1’’ F’ F’’ 

Observed 

Frequency 

(MHz) 

Obs-Calc 

(MHz) 

 
0 0 5 1 4 4 1 3 5 4 13150.574 0.003 

 
0 0 5 1 4 4 1 3 4 3 13150.623 -0.019 

 
0 0 5 1 4 4 1 3 6 5 13150.678 0.005 

 
1 1 5 1 4 4 1 3 5 4 13388.775 0.044 

 
1 1 5 1 4 4 1 3 4 3 13388.906 -0.017 

 
1 1 5 1 4 4 1 3 6 5 13388.947 0.017 

 
1 1 6 1 6 5 1 5 7 6 14010.401 0.026 

● 0 0 6 1 6 5 1 5 7 6 14061.695 -0.035 

● 1 1 6 2 5 5 2 4 6 5 14366.629 -0.002 

● 1 1 6 2 5 5 2 4 7 6 14366.830 0.000 

 
1 1 6 0 6 5 0 5 7 6 14652.836 -0.040 

 
0 0 6 0 6 5 0 5 6 5 14661.214 0.002 

 
0 0 6 0 6 5 0 5 7 6 14661.277 -0.001 

● 0 0 6 2 5 5 2 4 6 5 14749.814 -0.010 

● 0 0 6 2 5 5 2 4 7 6 14749.968 -0.002 

● 1 1 6 2 4 5 2 3 6 5 14771.297 0.003 

● 1 1 6 2 4 5 2 3 7 6 14771.449 -0.004 

● 0 0 6 2 4 5 2 3 6 5 15378.542 0.003 

● 0 0 6 2 4 5 2 3 7 6 15378.630 -0.004 

● 0 0 6 1 5 5 1 4 7 6 15750.012 -0.012 

● 1 1 6 1 5 5 1 4 7 6 15901.788 -0.019 

● 0 0 7 1 7 6 1 6 8 7 16394.923 0.013 

● 1 1 7 1 7 6 1 6 8 7 16436.201 0.003 

● 1 1 7 2 6 6 2 5 8 7 16820.975 0.012 

 
1 1 7 0 7 6 0 6 7 6 16905.585 0.012 

 
1 1 7 0 7 6 0 6 8 7 16905.614 -0.018 

 
0 0 7 0 7 6 0 6 7 6 16944.783 -0.007 

 
0 0 7 0 7 6 0 6 6 5 16944.824 0.003 

 
0 0 7 0 7 6 0 6 8 7 16944.876 0.022 

● 0 0 7 2 6 6 2 5 8 7 17274.938 -0.003 

● 1 1 7 2 5 6 2 4 8 7 17420.993 0.003 

● 0 0 7 2 5 6 2 4 8 7 17944.986 -0.002 
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* Transitions were observed on the cavity but were not included in the fit.  It was unclear 

if these transitions were deuterium hyperfine components or a result of the same 

secondary doubling observed in the H2O-pyridine spectrum.  The most intense 

transition was used in the fit.  

● Transitions were only observed in the chirped-pulse spectrum.  These transitions were 

included in the final fit as they were necessary to improve the quality of the constants.  

This is in contrast to H2O, in which case, the transitions observed only on the chirped-

pulse were not included because enough transitions were recorded with the cavity to 

satisfactorily fit the complex.   

 

Table E.3 H2O - Pyridine Minimum Energy Structure Coordinates  

 M06-2X/6-311++G(3df,3pd)  

 
Atom X Y Z 

C -0.252649 -0.858098 0.020209 

C 1.045908 -1.346508 0.008049 

C 2.093436 -0.439785 -0.006656 

C 1.802675 0.915615 -0.009726 

C 0.472122 1.306261 0.002509 

N -0.538898 0.442182 0.018269 

H 3.118760 -0.782596 -0.016433 

H -1.105136 -1.526790 0.030042 

H 1.223975 -2.411642 0.009411 

H 2.586130 1.658818 -0.022354 

H 0.206131 2.355807 -0.001296 

O -3.358447 -0.064761 -0.099019 

H -2.487992 0.360633 -0.042642 

H -3.870957 0.303672 0.621233 
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Table E.4 In-Plane Rocking Motion Transition State Coordinates  

M06-2X/6-311++G(3df,3pd)  

Imaginary Frequency: -36.64 cm
-1 

 
Atom X Y Z 

C -0.097465 1.140941 0.006258 

C -1.483478 1.192743 -0.000250 

C -2.189014 -0.000035 -0.003092 

C -1.483419 -1.192777 -0.000245 

C -0.097409 -1.140904 0.006263 

N 0.586670 0.000036 0.010746 

H -3.270122 -0.000062 -0.008680 

H 0.491234 2.049799 0.005765 

H -1.990490 2.146224 -0.004240 

H -1.990383 -2.146284 -0.004231 

H 0.491336 -2.049732 0.005776 

O 3.494946 -0.000015 -0.107630 

H 2.524346 -0.000003 -0.068124 

H 3.782531 0.000119 0.805950 
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Table E.5 Free Proton Wag Transition State Coordinates 

M06-2X/6-311++G(3df,3pd)  

Imaginary Frequency: -138.96 cm
-1 

 
Atom X Y Z 

C 0.276082 0.832104 -0.000018 

C -1.010724 1.350837 0.000218 

C -2.079592 0.469312 0.000389 

C -1.820992 -0.892507 0.000317 

C -0.499850 -1.314268 0.000076 

N 0.531593 -0.474703 -0.000089 

H -3.096543 0.836379 0.000575 

H 1.143075 1.481991 -0.000158 

H -1.163385 2.419901 0.000266 

H -2.621768 -1.617132 0.000444 

H -0.259329 -2.369996 0.000013 

O 3.323600 0.105008 -0.000651 

H 2.484754 -0.382650 -0.000475 

H 4.013708 -0.558509 -0.000723 

 

Table E.6 Water Rotation Transition State Coordinates  

M06-2X/6-311++G(3df,3pd)  

Imaginary Frequency: -242.17 cm
-1 

 
Atom X Y Z 

C 0.296817 0.789509 -0.000001 

C -0.968617 1.360059 -0.000008 

C -2.071966 0.522284 -0.000008 

C -1.866259 -0.848492 -0.000002 

C -0.562024 -1.321232 0.000005 

N 0.505187 -0.526003 0.000005 

H -3.073660 0.929196 -0.000014 

H 1.186413 1.408688 -0.000001 

H -1.078468 2.434525 -0.000013 

H -2.694798 -1.541381 -0.000002 

H -0.365192 -2.386224 0.000010 

O 3.454242 0.048207 0.000007 

H 2.943879 -0.280610 -0.744455 

H 2.943876 -0.280604 0.744470 



204 

 

Table E.7 C2 Rotation of Water Transition State Coordinates   

Single point calculation of the presumed transition state during a C2 rotation of the water 

at M06-2X/6-311++G(3df,3pd).  From the transition state planar structure, the protons 

were rotated about the C2 axis of water until they were perpendicular to the plane of the 

pyridine.  The energy difference between this structure and the planar transition state was 

taken as the barrier for the rotation.       

 

Atom X Y Z 

C -0.278297 0.828790 -0.000106 

C 1.006560 1.352354 0.000269 

C 2.078793 0.474935 0.000302 

C 1.825328 -0.887827 -0.000040 

C 0.505772 -1.314527 -0.000402 

N -0.528998 -0.478973 -0.000436 

H 3.094351 0.845858 0.000590 

H -1.147641 1.475500 -0.000146 

H 1.155207 2.421985 0.000528 

H 2.628817 -1.609453 -0.000030 

H 0.269293 -2.371165 -0.000676 

O -3.325353 0.102152 -0.000792 

H -3.261343 -0.478424 0.773877 

H -3.261813 -0.471061 -0.764893 
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Appendix F : Supplemental Material for Chapter 6 

Table F.1 Observed transitions for Kr-SO3 and Kr-SO3-CO isotopologues. 

J" J' |K| 
Frequency 

[MHz] 

(Obs.-calc.) 

[MHz] 
82

Kr-
32

SO3     

1 2 0 3826.302 0.000 

2 3 0 5739.343 0.000 
83

Kr-
32

SO3     

J" J' |K| F" F' 

1 2 0 9/2 7/2 3802.884  0.001 

1 2 0 9/2 9/2 3804.688 -0.002 

1 2 0 9/2 11/2 3804.688 -0.001 

1 2 0 7/2 5/2 3804.905 0.000 

1 2 0 11/2 13/2 3805.267 0.000 

1 2 0 7/2 7/2 3807.433 0.000 

1 2 0 11/2 9/2 3808.397 -0.001 

1 2 0 11/2 11/2 3808.397 0.000 

1 2 0 7/2 9/2 3809.241 0.001 

2 3 0 9/2 7/2 5706.640      0.000 

2 3 0 7/2 5/2 5706.874 0.000 

2 3 0 11/2 13/2 5707.878 0.001 

2 3 0 9/2 9/2 5707.988 0.000 

2 3 0 11/2 9/2 5707.988 -0.002 

2 3 0 13/2 15/2 5708.198 0.000 

2 3 0 7/2 7/2 5708.448 0.001 

2 3 0 9/2 11/2 5708.607 0.001 

2 3 0 11/2 11/2 5708.607 -0.001 

2 3 0 5/2 5/2 5709.401 -0.001 

2 3 0 7/2 9/2 5709.795 -0.001 

2 3 0 5/2 7/2 5710.980 0.005 

2 3 0 13/2 13/2 5711.006 -0.001 

2 3 0 13/2 11/2 5711.734 -0.004 
84

Kr-
32

SO3     

1 2 0 3785.630 0.000 

2 3 0 5678.335 0.000 
84

Kr-
34

SO3     

1 2 0 3743.007 0.000 

2 3 0 5614.404 0.000 
86

Kr-
32

SO3     

1 2 0 3746.742 0.000 

2 3 0 5620.006 0.000 
86

Kr-
34

SO3     

1 2 0 3704.024 0.000 
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J" J' |K| 
Frequency 

[MHz] 

(Obs.-calc.) 

[MHz] 

2 3 0 5555.933 0.000 
 

82
Kr-

32
SO3-

12
CO 

    

3 4 3 3324.701 -0.001 

3 4 0 3324.836 0.001 

4 5 3 4155.848 0.001 

4 5 0 4156.013 0.000 

5 6 3 4986.972 0.000 

5 6 0 4987.171 0.000 
82

Kr-
32

SO3-
13

CO     

3 4 3 3284.761 -0.001 

3 4 0 3284.888 0.000 

4 5 3 4105.925 0.002 

4 5 0 4106.080 0.000 

5 6 3 4927.063 -0.001 

5 6 0 4927.252 0.000 
83

Kr-
32

SO3-
12

CO     

J" J' |K| F" F'   

3 4 0 9/2 9/2 3307.598 0.000 

3 4 0 13/2 15/2 3307.690 -0.001 

3 4 0 15/2 17/2 3307.859  0.000 

3 4 0 11/2 13/2 3307.903  0.003 

3 4 0 9/2 11/2 3308.291 -0.001 
83

Kr-
32

SO3-
13

CO
 

      

J" J' |K| F" F'   

3 4 0 13/2 15/2 3267.878  0.000 

3 4 0 15/2 17/2 3268.049  0.001 

3 4 0 11/2 13/2 3268.088 -0.001 
84

Kr-
32

SO3-
12

CO       

3 4 3   3291.402  0.000 

3 4 0   3291.532  0.001 

4 5 3   4114.222  0.000 

4 5 0   4114.383  0.000 

5 6 3   4937.021  0.000 

5 6 0   4937.215  0.000 

6 7 3   5759.796  0.000 

6 7 0   5760.022 0.000 
84

Kr-
32

SO3-
13

CO
 

      

3 4 3   3251.723 0.000 

3 4 0   3251.849 0.000 

4 5 3   4064.625 0.001 

4 5 0   4064.782 0.000 

5 6 3   4877.502 -0.003 
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J" J' |K| 
Frequency 

[MHz] 

(Obs.-calc.) 

[MHz] 

5 6 0   4877.695 0.001 

6 7 3   5690.363 0.000 

6 7 0   5690.582 -0.001 
86

Kr-
32

SO3-
12

CO       

3 4 3   3259.407 -0.003 

3 4 0   3259.540 0.002 

4 5 3   4074.234 0.001 

4 5 0   4074.392 0.000 

5 6 3   4889.036 0.001 

5 6 0   4889.226 -0.001 
86

Kr-
32

SO3-
13

CO       

3 4 3   3219.987 -0.001 

3 4 0   3220.112 0.000 

4 5 3   4024.956 0.003 

4 5 0   4025.108 -0.001 

5 6 3   4829.896 -0.002 

5 6 0   4830.085 0.001 

 

 

 


