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Matrix isolation infrared spectroscopy has been combined with theoretical calculations for the characterization
of the 1:1 hydrogen-bonded complex betwee@tdnd dimethyl methylphosphonate (DMMP). The symmetric
O—H stretching mode was observed to shift 203 &mo lower energy upon hydrogen bond formation, while

a 32 cmt blue shift was noted for the HO—H bending mode of the ¥D subunit in the complex. These
values compare extremely well with the (unscaled) shifts-8D3 and+32 cnT?, respectively, that were
calculated theoretically at the MP2/6-8G** level. Additional perturbed modes of the DMMP subunit were
observed, shifted relative to the parent band position. The greatest perturbation was +eCtsréching

mode near 1270 cm, where a shift of~17 cm was observed<21 cn! calculated theoretically). This
suggests that the site of hydrogen bonding in the complex is at#@ droup, in agreement with theoretical
calculations. The binding energye® for the 1:1 complex was calculated to b&.7 kcal/mol.

Introduction suppression of volatility, matrix isolation experiments were
- ) ) ) ) undertaken.

The volatility of solution and mixture components is required | conjunction with the above experimental study, theoretical
to perform optimum separations by distillation and is described ca|culations have also been performed on the DMMEH
theoretically by Raoult’s law. Deviations from Raoult’s law are - complex. Computational chemistry is emerging as a powerful
commonly observed in either direction. The volatility of +too] in the analysis of the nature and properties of hydrogen-
chemicals, including toxic industrial materials and chemical ponded systems. The use of density functional theory and ab
warfare agents, in ambient (humid) air is an important consid- initio computational chemistry to investigate the extent of
eration toward understanding their behavior following accidental hydrogen bonding can Supp|ement infrared spectroscopic mea-
or intentional release to the environment. Recent work performed syrements and provide detailed atomistic level understanding
at the U.S. Army Edgewood Chemical Biological Center of these interactions. This has been demonstrated by previous
(ECBC) has demonstrated that the volatility of the nerve agent combined matrix isolation/theoretical studies of hydrogen-
simulant dimethyl methylphosphonate (DMMP) is significantly bonded complexes such as theQiHF and HO2PHs
suppressed, i.e., as much as 40% greater suppression thagystemd9-13 The present study provides evidence of hydrogen-
predicted by Raoult’'s law, by the presence of humidity in the bonded complexes of water and DMMP in the gas phase. In
air carrierl2 this paper, the structural, energetic, and spectral properties of

Matrix isolation studies have been carried out on the DMMP these complexes will be presented and discussed in an experi-
and water system to further elucidate the behavior of this mental and theoretical perspective.
simulant under humid conditions. The matrix isolation tech- ) )
niquéss was developed for the isolation, stabilization, and EXperimental Details
spectroscopic characterization of reactive or short-lived species The experiments in this study were carried out with matrix
in inert cryogenic matrices. Species that have been studied injsplation equipment that has been described elsewtavith
this manner include radicals, ions, and weakly bound molecular modification for the generation and deposition of DMMP.
complexes. The utility of matrix isolation in combination with DMMP was introduced into the vacuum system by placing a
infrared spectroscopy to isolate and characterize 1:1 hydrogen-few drops of the neat liquid in a small stainless steel sidearm,
bonded complexes between proton donors and proton acceptorgonnected to the deposition line through a needle valve to an
is well established.In particular, complexes involving 40 Ultratorr tee. After a brief pumping time, the needle valve was
serving as either a proton donor or a proton acceptor have beeropened slightly, allowing a fraction of the vapor pressure of
studied—? in recent years. Consequently, to better understand DMMP at room temperature to be entrained in flowing argon,
the interaction between DMMP and water that leads to the carried to the cold window, and depositec:H(distilled) and
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H,'0 (99%180) (Cambridge Isotope Laboratory) were intro- '
duced by placing about 1 mL of the liquid into a glass finger ]
attached to a vacuum manifold and were purified by repeated 1] "
freeze-pump-thaw cycles at 77 K. The room temperature "] )
vapor pressure was then used to prepare the sample. Argor ) )
(Wright Brothers, 99.99%) was used as the matrix gas in all '™ ki .,,J;(wﬁ \” , J\
experiments and was used without purification. a ! " W "'ff“"‘-\f“*"‘fﬂ“\'Jr‘r\\mijwh;'quwta A
All matrix samples were deposited in the twin jet mode. Here, o+ L
the two gas samples (Ar/DMMP and Ar8) were deposited o
from separate no.zzles.o.nto Fhe 14 K cold Wlpdow, aI[qwmg L
for only a very brief mixing time prior to matrix deposition. - WWNWWMW‘W"“P\MWWM
Several of these matrices were subsequently warmed-+t833 a0
K to permit limited diffusion and then recooled to 14 K and e = e e e
additional spectra recorded. In these experiments, matrices wererigure 1. A comparison of the spectrum arising from the co-deposition
deposited at the rate of 2 mmol/h from each sample manifold of a sample of Ar/HO with a sample of A/DMMP at 14 K (upper
onto the cold window. Final spectra were recorded on a Perkin- trace) compared to a blank spectrum of DMMP without adde® H

Elmer Spectrum One Fourier transform infrared spectrometer (Iower trace). The product band at 3436 ¢rshown in the upper trace
at 1 cntt resolution is assigned to the symmetric-® stretching mode of kO in a 1:1

complex with DMMP. The shift of~203 cnt? from parent HO is
indicative of a hydrogen bonding interaction between DMMP and water.
Method of Calculation This interaction is consistent with the negative deviation from ideal
vapor phase behavior.

DMMP and KO, as well as the 1:1 DMMP:#D complex,
were fully optimized at the B3LYP/6-31G**, MP2/6-31G**, 0
and MP2/6-3%G** levels. All DFT calculations used an 1 '
ultrafine grid. All geometry optimizations were performed with :j
tight convergence criteria. Harmonic vibrational frequencies ] | ' |
were computed to confirm that the optimized structures are | |1 |
equilibrium structures, and for comparison with experiment. All s |

calculations were performé&dwith Gaussian GO3. A o] /| Y A
07 I.I'J | I| ‘_II || IU'I n I",
. {1 { |
Experimental Results ™ [ | AT
" a /NN
Before co-deposition experiments were run, blank spectra of *+——— /\_J P / \ —
H,O and DMMP in solid argon were obtained in separate e R —
experiments. These spectra agree with published@atand S

em-l

Spectra previously o_btained in this laboratory. While Some water Figure 2. A comparison of the spectrum arising from the co-deposition
.dlmer was present in all experiments _and was relatively more 1 sarﬁple of Ar/HO with a sample of Ar/DMMP at 14 K (upper
intense in the more concentrated experiments, the concentrationgace) compared to a blank spectrum of DMMP without adde® H
were kept low so that the monomer was the dominant species(jower trace). The product band at 1249¢rshown in the upper trace
present in all HO blank and co-deposition experiments. Due is assigned to thesPO stretching mode of DMMP in the 1:1 complex
to adsorption of HO vapor onto the walls of the sample and indicates that thesFO bond is the site of hydrogen bond formation
manifold and the deposition line, determination of the precise in the complex.
concentration of the Ar/bD sample was impossible. Rather, accurately for those bands that were close to, and partially
conditions were employed which minimized the concentration overlapping the parent bands.
of the water dimer, while maintaining a sufficient monomer  Ten additional experiments were conducted in which DMMP
concentration. and HO were deposited into argon matrices. In these experi-
H,O + DMMP: Since trace amounts of water are always ments, the concentrations of the two reagents were varied, from
present in matrix experiments, even the blank experiments quite dilute to relatively concentrated, and the relative concen-
described above contained small amounts of water. As such, atrations were varied as well. In all of these experiments, similar
quite weak band was noted at 3436 ¢nin these experiments.  product bands were observed. Specifically, the band at 3436
When an experiment was then conducted in which a sample ofcm™1 was present, with an intensity that qualitatively correlated
Ar/DMMP was co-deposited with a prepared sample of AGH with the concentrations of the two reagents (e.g., when the
the band at 3436 cnt was observed to grow substantially as concentration of DMMP increased, the intensity of the 3436-
is shown in Figure 1. A number of additional features were cm™! band increased by approximately the same factor, and
seen elsewhere in the spectrum, the most intense of which wadikewise with H,O). The additional product bands listed above
a doublet at 1245, 1253 criy which 17 cm! to the red of a were seen as well, with a comparable variation in intensity with
parent DMMP doublet at 1262, 1270 ctas shown in Figure ~ parent concentration. Each of these matrices was subsequently
2. New bands were also seen at 468, 799, 827, 900, 927, andannealed to between 34 and 38 K, recooled, and additional
1633 cn1?, near parent bands of DMMP at 472, 792, 820, 895, spectra recorded. In each experiment, the product bands grew
and 917 cm?, and HO at 1601 cm®. When this matrix was ~ substantially upon annealing, while maintaining a relatively
subsequently annealed at 34 K, recooled, and an additionalconstant intensity ratio with respect to one another.
spectrum recorded, all of the above product bands were observed As described by previous research®¥in some experi-
to grow substantially (nearly a 100% increase). Moreover, these ments parent water was seen to undergo hindered rotation in
bands all maintained a constant intensity ratio with respect to the argon matrix, while in other experiments only rotationless
one another, to the degree that intensities could be measuregarent water was observed. This has been attributed to subtle
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TABLE 1: Product Bands (cm™1) Arising from the Co-deposition of DMMP with H ;O and H,'80 into Argon Matrices

parent parent band DMMP#$O shift DMMP:H,*0 180—160 shift assignment
DMMP 472 468 -4 PQ, bend
DMMP 792 799 7 799 0 PO stretch
DMMP 820 827 7 827 0 PO stretch
DMMP 895 900 5 900 0 Chkirock
DMMP 917 927 10 927 0 Cktock
DMMP 1266 1249 —17 1248 -1 P=0 stretch
H.O 1601 1633 32 kD bend
H,O 3639 3428, 3450 —189,—211 3419, 3440 -9,—-10 O—H stretch

aFor matrices with nonrotating water (see text), the shift w293 cnt™.

changes in the structure of the argon matrix due to the presence H10

of the dopant molecules. When rotating water was seen, the 8
3436-cnT! band appeared as a doublet at 3428 and 3450,cm Q
while when nonrotating water was observed, the product band H13 csw

was seen at 3436 cth While these observations suggest slight \6
changes in the argon matrix structure from one experiment to 0>

the next, they do not affect in any way the overall conclusions b

of this study. (\cé
H,0 + DMMP: Samples of A/DMMP were co-deposited  H1 P1
with samples of Ar/H®0 in a series of experiments, again J

varying the concentrations of the two reagents in a systematic

way. In these experiments, rotating parent water was observed,

H17
IS

and the product band in the 3400-chregion appeared as a @_& H16
doublet, but shifted relative to the experiments with normal /\< H1S
isotopic water. Specifically, this doublet was observed at 3419, c7 )
3440 cntl, approximately 10 cmt to the red of the normal

isotope. Additional product bands were seen elsewhere in the I m

spectrum, at 468, 799, 827, 899, 927, and 1248'chese

all were within 1 cnt* of the band position with naturally  Figure 3. Calculated structure of DMMP#® obtained at MP2/6-
abundant isotopic water. Unfortunately, the region near 1600 31+G**. The orientation of water toward the=FO bond is clearly
cm~1was so congested with parent bands g8 and residual shown.

H,1%0 that no product band could be observed in this region

[note: while HO in natural isotopic abundance contains a 3). The structure of the final DMMP 4 complex is identical

mixture of oxygen isotopes, in these experiments onj{f@l regardless of the initial DMMP conformation (I or Il). The
is detectable due to low abundances of the remaining oxygenbinding energyAE®, defined apmmp:r,0 — (Epmmp + En,0),
isotopes]. The next-most-abundant isotope'8®, which is is calculated as-7.7 kcal/mol at the MP2/6-3tG** level,

present as 0.20% naturally. Consequently, water in natural including the counterpoise correction. We limit ourselves to the
abundance will be referred to as¥D. All of these product 1:1 DMMP:H,O system, although it is interesting to note that
bands grew substantially upon annealing, just as was observedn ongoing work involving more solvent (including DMMP
for H,1%0. Further, the intensity of each product band in the solvated in 9-water and 24-water clusters), as well as in other
series of experiments varied directly with the concentrations of theoretical studied! the P=O group appears to be capable of
the two precursors, as described above. All of the above productforming hydrogen bonds with multiple water molecules.

bands are listed in Table 1. Table 2 presents a partial listing of the peak locations related
to the P=0 stretch, H-O—H bend, and ©-H symmetric stretch,
Results of Calculations for DMMP, water, and the DMMP:D complex. Theoretical

DMMP has been studied previously at the Hartréeck and ~ 'eSults are presented at the MP2/6+&™, MP2/6-31G**, and
MP2 levell920The potential energy landscape of this compound B3LYP/6-31G1** levels. FrG_CIuenmes were alsc_> calculated f_or
was demonstrated to be complicated by the existence of severafn® DMMP:H 80 complex isotope, fpr comparison to experi-
nearly isoenergetic conformers within kcal/mol range. The ~ Ment. No scaling factors are used in the tabulated frequency
lowest energy conformer (Conformer I) has an asymmetric values, although scaling values for the methods and basis sets
structure with inequivalent methoxy side chains (S#—0O— chosen are documented.
CHs dihedral values approximately in the T7&nd 103 range).
The next highest conformer (Conformer Il) is a symmetric
configuration of the methoxy groups (both dihedrals have a  As reported above, a number of new infrared absorptions were
magnitude of approximately 15%9)7and is ~0.21 kcal/mol noted when samples of Arjd® were co-deposited with samples
higher in energy. Although these calculations are in no way of AryfDMMP onto a 14 K cold surface. These new absorptions
performed to chemical accuracy, the relative energetics showrequire the presence of both reagents, suggesting that they are
excellent agreement with previous results at HF/6-31G* (0.09 interacting or reacting in some manner. The fact that these bands
kcal/mol) and MP2/6-311+G** (0.48 kcal/mol) and confirm grew upon annealing the matrix to 31 K requires that the reaction
that the correct trend of conformers is found. These are the only or interaction of HO with DMMP have essentially no activation
two conformers currently under study. barrier. This is typical of hydrogen bond formation, but not of

Upon complexation with water, a hydrogen bond formed chemical reaction. Further, while several new bands were
between water and the DMMP=O group is predicted (Figure  observed, no frequency shift was observed for a number of bands

Discussion
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TABLE 2: Calculated Product Bands (cm™%) of DMMP(l) Several observations argue that the stoichiometry of the
with H20 and H,°0 at MP2/6-31+G*, B3LYP/6-31G™, complex is 1:1. First, the product bands were observed at very
and MP2/6-31G high dilution, when the likelihood of formation of a higher
parent DMMP: calcd DMMP: %0—%0 _ complex (e.g., 2:1) during the matrix deposition process is very
parent band H,%O shift H,%0  shift  assignment low. Previous matrix studies have demonstrated that matrices
(a) MP2/6-31-G** freeze very rapidly, and at low concentrations only the 1:1
gmmg ‘;gg ;‘gg _114 475952 00 I;%bend complex is formed. Second, in the experiments employing
stretch H,80, residual H%O was
DMMP 832 838 6 838 0 POstretch 20, present as well. If the complex
DMMP 940 944 4 944 0 CHrock involved more than one water molecule, at least three isotopic
DMMP 956 962 10 962 0  Ckfock bands would be expected, since a mixed isotépi€O species
a'z\éMP iggg iggg _2%2 1%229 3 60 H':':gbséﬁ‘:h would be possible. However, only two bands were observed,

H,0 3866 3663 —203 3653 —10 O-—H stretch suggesting the presence of a singrsubunit in the complex.
(b) B3LYP/6-31G** Third, if a higher complex formed, one would also expect to

DMMP 468 460 -8 460 0 PGQbend see some of the 1:1 complex, and the ratio of the two complexes
DMMP 783 787 4 787 0 POstretch would change as a function of sample concentration. Yet, the
DMMP 808 816 8 816 0  POstretch spectra clearly indicated formation of only a single product.
inally, the theoretical calculations described above predict thai
DMMP 925 929 4 929 0 Chirock Finally, the theoretical calculations described above predict that
DMMP 943 948 5 948 0 Chrock he 1-1 lox i ble and h i1 Table 2 (and di d
DMMP 1273 1243 —30 1243 0 BO stretch the 1:1 complex is stable and as shown in Table (and discusse
H,0 1665 1688 23 1681 -7  H,0bend further below) the predicted vibrational shifts for the 1:1
H0 3800 3584 —216 3574 —10 O-—Hstretch complex are in very good agreement with the experimental shifts
(c) MP2/6-31G** observed here. Taken together, the data strongly support
DMMP 474 466 -8 466 0 PQbend formation of a 1:1 complex betweenn® and DMMP, involving
DMMP 805 807 2 807 0  POstretch hydrogen bond formation between an-8 bond on HO and
DMMP 840 848 8 848 0 POstretch the P=O on DMMP
DMMP 951 955 4 955 0  Chirock e on :
DMMP 967 973 6 973 0  Cglrock Band assignments are straightforward, based on the above
a'\g\"P iégg %ig _221 1%?87 60 H'ag)bsé:]‘zmh arguments. The band at 3436 chis assigned to the hydrogen-
2 - 2 ; . ; ;
H,0 3892 3720 —172 3709  —11  O-H stretch bonded O-H stretch in the 1:1 complex, an assignment that is

supported by the 10-cm shift to lower energy when }4€0
of DMMP. This also argues against a distinct chemical reaction Was employed. This shift is exactly what is anticipated based
where bonds are broken and new bonds formed. This would ©" Parent HO. This shift is also nearly identical with that
lead to a completely different spectrum, while the actual calculated for an isolated harmonic-® oscillator. The band
spectrum resembled the two reagents with shifting of only a at 1633 cm*is assigned to the blue-shifted® bending mode,
few vibrational modes. This behavior is entirely consistent with as anticipated. Unfortunately, this region was too congested in
the results observed at ECBC previodsiyd is characteristic ~ the mixed'®0, 10 experiments and a0 counterpart of this
of hydrogen bond formation, where the two subunits in the band could not be detected. Fortunately, this region can be
hydrogen bond (proton donor and proton acceptor) are perturbedresolved theoretically. There are approximately 10 normal
by the interaction and vibrations associated with the hydrogen- vibrational modes in this region, mostly attributable te-I&
bonding region are shifted. At the same time, bands not directly ~ bending. As noted above, the product band at 12491cs
associated with the hydrogen-bonding region (for example, the assigned to the<PO stretch, shifted 17 cnt from the parent.
methyl group vibrations) are not perturbed and hence do not Again, this shift is consistent with the calculated value. The

shift. remaining product bands were observed within a few wave-
Hydrogen bonding is indicated as well by the fact that the numbers of parent bands of DMMP, and are assigned to the

most intense product band was observed near 3438.crhis analogous vibrational modes in the complex.

is a spectral region associated with-@ stretching motions, The MP2/6-3%G** level of theory has been identified

yet s shifted several hundred wavenumbers to lower energy of yreviously in the literature as the minimum level of theory
parent HO. The most characteristic infrared signatéfesf required to obtain reliable geometries of hydrogen-bonded
hydrogen bonding are (1) a shifting of the stretching mOQe of complexeg?® As noted, the calculated complex shifts and
th? h)_/drogen-bon_ded _hydrogen to Iov_ver energy, (2) an Inten- isotopic shifts at this level agree almost exactly with experi-
sification of the shifted infrared absorption, and (3) a broadening mental values, particularly in the=fO stretch. HO bend, and
of the absorption relative to the parent mode. This is exactly O—H stretch ’ffe uenciez which are mos’t affected, by the
what is observed, including a 203-cnshift of the hydrogen . q ) oy
formation of the hydrogen bond. Frequencies obtained for

stretching mode to lower energy (using the band positions in ;
those matrices where nonrotating water was observed), andConformer | of DMMP were used for calculating all complex-

strongly indicates formation of a hydrogen-bonded complex. ation shifts, although differences i_n calculated spectra for
This is supported by the observation of a shift to higher energy Conformer I and Conformer Il are minor. For example, use of
of the H-O—H bending mode near 1600 c# another the Conformer Il parent band yields a_shlft in the=® stretch
vibrational signature of hydrogen bond format®ninally, of —15 cnt* (rather than-21 cnt?) also in excellent agreement
perturbation of the proton acceptor subunit occurs as well, With the experimental £0 shift of —17 cnt™. It should also
although typically with smaller vibrational shifts. In the present be noted that the B3LYP/6-31G** level of theory results agree
study, the P=O stretching mode was observed to shift 17-ém remarkably well with experimental shift values. Inclusion of
to lower energy in the complex, from 1266 to 1249 ¢niThis anharmonic effects is expected to improve agreement with
supports hydrogen bond formation, and strongly indicates that experiment still furthe?32* A more detailed listing of the
the site of interaction on DMMP is the=FO bond. calculated spectra is included in the Supporting Information.
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Differences in the DMMP:KHO complex structure between
the different levels of theory are remarkably subtle, and are
primarily evident in an~10° variation in CH—P—O—CHjs
dihedral angles (e.g., GHP—0O—CHjs dihedrals are 172and
13#° for the MP2/6-3#G** complex, but 168 and 130 at
B3LYP/6-31G**, respectively). As we have noted previously,

Ault et al.
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