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ntract The Raman and/or ifiared (3500 10 50 cm™') spectra of some gaseous, liquid and sohd organo-amines and methyl substituted
drazmes have been recorded  Additionally, varable temperature (-55 1o -150°C) infrared studies ol several of these molecules dissolved in liquid
non and/or krypton have been recorded and the enthalpy differences determined for the molecules which have conformers present at ambient
nparature Uthizing low frequency spectral data along with the enthalpy differences, the potential functions governing the conformational
cchanges have been obtaned The geometric patameters, harmonic lorce constants, vibrational frequencies, Raman activities and depolanization
< nhaed mtensities, and energy ditferences, have been obtained from MP2(full)/6-31G(d) ab 1o calculanons Additionally structural parameters
J encrgies have been obtamed from MP2(full)/6-311G(d.p) and MP2(full)/6-311G(2d,2p) calculations as well as the corresponding ones with diffuse
nctons The predicted quantitics are compared to the experimental ones when appropriate For several of the molecules, the r, structural quantities
ve heen obtatned by combming ab o MP2(full)/6-311+G(d.p) predicted parameters with previously reported microwave rotational constants
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Introduction

iile over a decade ago, Groner and Durig [1] reviewed the
wlecula dynamics of organomitrogen compounds from a
brational and rotational spectroscopic perspective. It is clear
om the material in this review that there were a significant
umber of scientific problems for the organo-amines and
ylrazines which were not completely solved or two or more
ewulis were available that they were frequently in conflict. To
ddiess some of these problems, about three years ago we began
Tinvestigauon of the vibrational spectra of a number of organo-
mines and methyl-hydrazines. The goals of this research effort
fie mulu-told and some of them will be listed, after which we
"W provide a progress report on our attempts to solve some of
moblems associated with the molecular dynamics of these
“nontrogen compounds.
Most ol the previous studies on the conformational stabilities
"tanu-amines and methyl-hydrazines were conducted in the
uid phase orin solutions with solvents like CS, and CCl,.
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However the resulting conformational stabilities may not agree
with the ones in gas phase, because of the difference among
conformations in their tcndency toward intermolecular
hydrogen-bond formation in the condensed phases as well as
the difference in interaction with the solvent molecules in
solution phase. To address these problems, we have conducted
conformational stability studies on thesec organonitrogen
compounds in dilute (10~ to 10~ mol/L) low-temperature rare
gas (krytpon —105 to — 150°C and/or xenon -55 to -100°C)
solutions. The advantages of this approach lies in the fact that
rare gas atoms have little association with solute molecules and
the low concentration of such solutions greatly reduces the
possibility of hydrogen bond formation among solute molecules.
The cell path lengths utilized for the rare gas solutions were
either 4 cm for the 400 to 3500 cm™' range or 7 cm for the low
wavenumber range of 50 to 600 cm™'. Thus, the conformational
stabilities obtained from the rare gas solutions are expected to
be very close to those in the gas phase [2-6]. In addition, free
from rotational fine structure, infrared bands in low temperature
rare gas solutions have much smoother and more symmetric
contours and their widths are greatly reduced, so that bands
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arising from the less stable conformers can be more conhdently
assigned and better-separated from those due to the most stable
rotamet, which makes the enthalpy difference determimation much

more 1chable

Through a series of recent studies, we have found that ub
imitio caleulations may incorrectly predict conformational
Jtabilities with full electron correlation and reasonably large
basis sets, especially with diffuse functions. A case in point 1s
the 3-fluoropropence (allyl fluotide) molecule, the cis form
(Iluonime atom ¢y to the double bond) s experimentally
determimed to be more stable than the gairche form by 60 £ 8
em (072 2 0.10k)/moly m hquid xenonand 81 £ Tem ' (0.97 +
001 kJ/mol) in hquid argon [ 7] However, ab uitio calculation
utilizing the Moller-Plesset perturbation method [8] to the
seeond order with arelauvely large Pople basis set with diffuse
{unctions such as MP2/6-31 1+4 G(d,p) predicts the ganche lorm
o be more stable by 117 cm ' (1 40 kJ/imol) Quadratic
configuration method with singles and doubles utithizing the same
basis set QCISD/6-311+4G(d,p) also gaves the ganche to be
more stable by 50 ¢cm ' (060 kJ/mol) Simularly, Dunning
augmented basis set MP2/aug-ce-PVDZ, predicts the gauche
rotamer to be more stable by 117 cm™! (1.40 kJ/mol) Galabov et
al. [9] have concluded the inclusion ol diffuse functions
significantly increases the stability of the gauche conformer
relative 1o the cis form, someumes resultng in an incorrect
energene ordermg for allyl fluonde This effect s reduced with
mereasmg size ob basis sets applied The question arises as
what is the ongin of the problem and whether molecules with
non-bonded pairs on some of the atoms may bave a similar
preference Therelore, the difterence in predicted energies for
the organoamimes with and without dilfuse function was
investigated.

We have encountered the sunilan problems with organoamine
and methyl-hydrazine molecules. For the ethylamine molecule,
the trans form s expermmentally determined 1o be more stable
than the gauche form by 70 2 6¢cm ! (0.84 £0.07 KJ/mol) in hquid
krypton and 80 = 6 cm ' (0.96 £ 0.07 kI/mol) in liquid xenon.
However, ab initio caleulations at the MP2/6-31+G(d), MP2/6-
3H1+G(dp), MP2/6- 31 14G(2d.2p) and MP2/6-31 1+G(2dI,2pd)
levels predict the gateche form more stable by 65, 64, 66 and 59
em ', respectively Such erroneous ab inno preference for the
Zauche stablity also exists for the allylamine molecule in our
study which will be addiessed in detal in the discussion section.

McKean [10] has shown that the “isolated” C-H stretching
frequency can be used 10 obtam excellent ground state C-H
distances. The plot of the v, frequencies versus the
deternined r, C-H distances results in the equation ro=1.3982
—~00001023 v, forthe determination of r,, value. The predictive
power of the correlation based on the gradient of the resulting
linc, shows that 10 ¢m ' corresponds to 0.001A, which is
supported by the precision of the vy data[10] The predicted
value should be good to + 0.0005A, which is limited by the

variation in v, frequency due o possible coupling of i,
mode with other motions in the molecule, which should no|
exceed 5 em™!! Therefore, from “isolated” CH stretchiyy
frequencies, distances to an accuracy of 0.001A should h:
obtained. Stimilarly. linear relation betwecn the Si - H and Ge.}
“1solated” trequencics and their corresponding ground stage n
distances have been established. The significance of gy,
studies lies 1n the fact that the derived M-H (M = C, §i,
distances arec more accurate and reliable than many of (ho,
reported microwave data. However, microwave spectroscop)
provides the most precise technique for obtamning boy
distances for most molecules in the gas phase, with most of (he
bond distances for M-H bonds being obtained by this methyg
The two dif ferent types of M-H bond distances usually obtaine|
are the r and r, distances, where the r;, value depends on (h
microwave-determined molecular rotational constants, and the
r_distance (s standing form substitution) depends on (h
substitution of each atom i the molecule. Since the r distand!
is closer to the equilibrium bond distance, r,. and because
deuterium is readily available, many of the reported M-H bond
distances are r_ values. However, the determination of the
bond distances requires the determination of the coordinaes of
cach atom 1n the three-dimensional rotational coordinate sysiem
and frequently the hydrogen atom lies near one of the axes
which results in a ncar-zero value and a poorly determned
coordinate for the hydrogen atoms. In some cases, cven
negative value has been obtiuned for the hydrogen atom' The
microwave literature is full of reported C-H bond distances tha
are totally unreahisuc 7 values, but these values were nol
questioned until the recent use of v, fiequencies has shown
them to be in error Such problems may also exist for the reported
N-H distances. However there 1s no information on the N-li
“1solated™ frequency and the resulting predicted ground stk
r, (N-H) distances Thus, we have imtiated studies toward thi
direction with a series of secondary amines and mone-
deuterated primary amine molecules.

Good structural parameters can be obtained of organc
molecules by adjusting the structural parameters from ab imitio
MP2/6-311+G(d,p) or MP2/6-311G(d,p) calculations to fit the
experimental rotational constants obtained from microwave dau
[11-15]. To solve the problem with lmited number of isotopomes
n an effort to reduce the number of independent variables, ¥
classify the structural parameters into sets according to thet
types, i.e. bond (of the samc bond order) lengths connecting
the same clements in the same sct keeping their relative rai
bond angles connecting the same type of bonds in another !
keeping their difference in degrees, and similar dihedral angle
in a set of their own keeping their difference in degrees. Tht
validity of such partition of similar structural parameters 1n
different sets is under the assumption that the errors from ¢
initio calculations are systematic [7]. With the reliable C-H.
distances derived from the above mentioned “isolatcd |
stretching frequencies [10], we [16) have shewn the MPt
311+G(d,p) ub initio calculations give C-H distances for
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ubstituted hydrocarbons to 0.002A of these values. Thus, we
are able to further reduce the number of independent variables
pv fixing these parameters to the ab initio predicted values.
Therefore, excellent adjusted r, structures for the heavy atoms
can be obtained, with the fitted rotational constants within
usually less than one MHv [rom the microwave data.

For many primary amincs, the NH, twisting mode has not
been confidently identified in the gas spectrum, largely due to
herr extremely low infrared intensitics (often 2-3 magnitudes
«maller than other modes), however by using scaled ab initio
frequencies along with the study of the infrared spectra in rare
sas solutions, the annealed solid, the Raman spectra as wells as
those of the NHD and ND2 isotopomers, we are able to
contidently assign these fundamental vibrations for a number
ol primary amine molecules. The enthalpy for the hydrogen
honding 1 organoamines and methyl-hydrazines are also
questionable. There is a serious question whether the sccond
vral coetlicient can be used 1o obtin the enthalpy of hydrogen
bonding which probably gives a value too large. We have
assianed distinetive shoulders on bands or separate bands

ansmg trom hydrogen bonding and determined the enthalpy of

Indrogen bonding or a number of these mitrogen-containing
molecules. The results of these Raman, infrared and theoretical
studies are reported herein.,

2. Experimental

Ihe allylamine (stated purity 99%), cthylmcthylamine (stated
punty 974% ) and ethylamine (stated purity 98%) samples werc
puichased frolm Aldrich Chemical Co., Milwaukce, WI. The
sample of methylhydrazine was obtained commercially and
distilled at 1ts normal boiling point (86-88"C). The sample N-
methy Ipropargyl anune was prepared by the reaction of propargyl
amine and methyl iodide m alcohol in a sealed tube. The product
N methylpropargyl amine hydroiodide salt was treated with
potassium hydroxide to produce the free amine. Further
putthcatons of all of the samples were carnied out with a low-
temperature, low-pressure vacuum fractionation column. The
punty ol the samples were checked by GC-MS and comparing
the mid-infrared spectrum of the vapor to that previously
published where available

The Raman spectra were recorded on one of the three
msiruments with most of the data taken with a Spex model 1403
spectrophotometer equipped with a Spectra-Physics model 164
aigon 1on laser operating on the 5145 A line. The laser power
used was 0.5 w with slit widths of 3 cm™!. The spectra of the
Iiquids and solids were recorded with the samples contained in
4 scaled capillary tube. Also used was a -Cary model 82
spectrophotometer equipped with a spectra-Physics model 171
areon laser operated av 5145A and a Bruker model FRA 106
Fourier transform spectrometer equipped with YAG-MAX LASER
C-95(CVI Co.) source.

The mid-infrared spectra of gaseous and solid samples were
obluned using a Perkin-Elmer model 2000 Fourier transform
Spectrometer equipped with a nichrome wire source, a Ge/Csl

beamsplitter, and a DTGS detector. The spectra of the gas were
obtained by using a 10 cm cell fitted with CsI windows. The
spectra of the solid were obtained by condensing the sample on
a Csl substrate held at ~77 K by boiling liquid mtrogen, housed
in a vacuum cell fitted with CsI windows. The samples were
repeatedly anncaled until no further changes were observed in
the spectrum. The theoretical resolution used to obtain the
spectra of both the gas and the solid was 1.0 cm™,

The mid-infrared spectra of the samples dissolved in
liquefied krypton and/or xenon as a function of temperature
were recorded on a Bruker model 1KS-66 Fourier transform
spectrometer equipped with a globar source, a Ge/KBr
beamsplitter, and a DTGS detector. The temperature studics
ranged (rom - 105 10 =150°C for krypton and —55 to ~100°C for
xenon and were performed in specially designed cryostat cells
consisting of a 4 or 7 cm path length copper cell with wedged
silicon windows sealed to the cell with indium gaskets. The
complete system 1s attached to a pressure manifold to allow for
the filling and evacuation of the cell. The cell is cooled by liquid
nitrogen and the temperature is monitored by two Pt
thermoresistors. Once the cell is cooled to a designated
temperature. a small amount of sample is condensed into the
cell. The system is then pressurized with the rare gas, which
immediately starts to condense, allowing the compound to
dissolve. For cach temperaturc investigated, 100 interferograms
were recorded ata 1.0 cm™' resolution, averaged, and transformed
with a boxcar truncation function.

3. Abinitio calculations

The LCAO-MO-SCF restricted Hartree-Fock calculations or
calculation with electron corrclation at the MP2 level (8] were
performed with the Gaussian-98 program using Gaussian-typc
basis functions | 17]. The energy minima with respect to nuclear
coordinates were obtained by the simultaneous relaxation of all

the geometric paramcters using the gradient method of Pulay
[18].

In order to obtain a complete description of the molecular
motions involved in the normal modes, normal coordinate
analyses were carried out. The force fields in Cartesian
coordinates was obtained with the Gaussian 98 program from
the MP2/6-31G(d) calculation. The internal coordinates were
used Lo form the symmetry coordinates. The B-matrix elements
were used to convert the ab initio force field from Cartesian
coordinates into the force field in desired internal coordinate
[19]. The resulting force constants were used to reproduce the
ab initio vibrational frequencies for all differcnt conformers.
The diagonal elements of the force fields in internal coordinates
werc then modified with scaling factors. The geometrical
averages were ulilized for the off-diagonal force constants. Each
calculation was repeated to obtain the fixed scaled force field
and scaled vibrational frequencies and potential energy
distributions (P.E.D.).

We calculated the theoretical Raman spectra with the Raman
scattering activities obtained from the ab initio MP2/6-31G(d)
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calculations. The evaluation of the Raman activity using the
analytical gradient method has been developed [20.21]. The

\ 2 2 )
activity §, can be expressed as 8, =g, (450, +7 ;) . where
%, 15 the degeneracy of the vibranonal mode j. @, s the

denvative of the 1sotropic polatizability, and B, is that of the
anisotropic polarizabihty The Raman scattering cross sections,
Jo, 1 82 which are proportional 1o the Raman intensities, can
be caleulated from the scauering acuvities and the predicted
wavenumber for cach normal mode [22,23]. To obtan the
polarized Raman cross sccuons, the polarizabihues are

mcorporated into S, by S,[(l ~p)/(l+p, )],whcrc P, isthe
depolanzation ratio of the / normal mode. ‘The Raman scattering
cross sections and the caleulated scaled frequencies were used
together with the Lorentzian function to obtam the calculated
spectra The infrared spectta were predicted from the MP2/6-
31 G(d) caleulations The predicted scaled frequencies were used
together with a Lorentzian lunction to obtam the caleulated
spectra. Infrared intensities were calculated based on the dipole
moment denvatives with respect 1o the Cartesian coordinates.
The denvatives were taken trom the ab mitio calculanons
tansformed to normal coordinates by.

d) g My
f')QiJ ,Loo.; Y

The Q 15 the /" normal coordinate. X s the j Cartesian
displacement coomdinate, and L” 18 the transformation matrix
between the Cartesian displacement coordinates and normal
coordinates The infrared itensities were then calculated by:

I,:N’f u, 3+ Ay, 1+ u :
- |\ 3@, 12X0) a0,
4. Results and discussion

As an indication of the progiess being made to obtain some of
the goals of the 1escarch listed carlier, we shall now provide
some ol the results for individual molecules For all of the
molccules studied 1o date, all but one has conformers present at
ambient temperature. Also for most of them there have been
some microwave data so structural parameters have been
obtained by combining the ab iminio predicted parameters with
the rotatonal constants

Ethvimethylamine - This secondary amine, CH,C H,NHCH,,
has three conformers present at ambient lenl]pc}'alllur.e. These
conformers are shown 1n Figure | where the one with the two
methyl groups are 180° from each other are indicated as T (Me-
frans) with the other two as gauche lorms The gauche conformer
indicated as G (LP-1rans) has the lone pairon the nitrogen atom
trans to the methyl group whereas the G “(H-trans) form has the
H atom rrans to the methyl group.

In an carlier low-frequency (below 530 cm™' speciry
investigation [ 24] of cthyimethyl- amine, utilizing both gaseoys
infrared and Raman spectroscopy, two series of methyl torsiong
modes were observed in the Raman spectrum with one observeg
at 249 cm™' and the other onc at 217 cm™. A third one wag
observed in the infrared spectrum beginning at 215.6 cm™ whch
was assigned 1o the T conformer. The ones observed in the
Raman spectrum were assigned (o the two gauche forms. Thyg
asstgnment was based on the fact that stronger Raman scattering
was observed for the methyl torsions than the absorption in the
infrared spectrum for the methyl torsions for the gauche
conformers of both cthylamine [25] and n-butane [26). These
assignments gave barriers of 1153 and 1091 cm™! for the methy|
groups for the T conlormer and 1343 and 1142 cm™ for the two
gauche forms,

CH, CH CH

CH, H

T (Mo-trans) G (LP-trans) G (H-trans)

Figure 1. The nany conlormer and the gauche contormers of
ethylmethylamine viewed along the N-C bond

From a relauvely recent ab initio investigation [27] ol the
ternal rotations in ethylmethylamine utilizing a rather small
basis sct of 3-21G(N*) with fully optimized geometries at the
Hartree-Fock level, the authors conclude that the larger methy!
rotational barriers should correspond to the T conformer. These
authors [28] also carried out a conformational stability study by
a variable tempcerature Raman study of the liquid and obtained
enthalpy dilferences of 384 + 25 cm™' (4.6 + 0.3 kJ/mol) and 300
+25cm™" (3.6 £ 0.3 kJ/mol) between the most stable T conforme
and the least stable G* form and the second most stable G
conlormer, respectively. However the stability order for the two
gauche conformers differed from the stability predictions from
the ab initio calculations [28]. Since ethylmethylamine has
significant hydrogen bonding in the liquidphase the authors
[28] ascribed the different stability order for the two gauche
forms from the predicted ab initio order as arising from the
greater tendency toward hydrogen bonding in the G conformer

Therefore as a continuation of our conformation stability
studies we carried out variable temperature infrared studies of
krypton solutions of ethylmethylamine to determine the relative
stability of the three conformers [29]. Additionally, we have
obtained from ab initio calculations at the MP2 level the
harmonic force fields, infrared intensities, Raman aclivities,
depolarization ratios, and vibrational frequencies with a larger
basis set 6-31G(d) with full electron correlation. We also carried
outab initio calculations with the 6-311G(d,p), 6-3 11+G(d,p). 6-
311G(2d,2p) and 6-31 1+G(2d,2p) basis sets with full electron
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correlanon by the perturbation method to second order [8] to
ohtain the optimized geometries and conformational stabilities
for all three conformers. Conformational stabilities have also
heen obtained from density functional theory (DFT) calculations
by the BALYP method with the same basis sets for comparison
with the MP2 predictions.

In Table 1 are listed the ab initio calculations utihzing a
vancty of basis sets and these data clearly indicate that the
most stable conformer is the T form and the second most stable
one 1s the G (H-trans) conformer with an energy difference
hetween the last two of nearly 200 cm™'. This order is the same
as predicted earlier with the small basis sct at the Hartree-Fock
level [27). Also it should be noted that the preference for the G
form when the lone pair is trans to the carbon-carbon double
hond 15 only in the range of ~ 50 cm™ with a larger cnergy
ditference between this form and the trans rotamer when diffuse
funcions are used. However for the G “form 1t varies both ways
depending on the size of the basis sel.

lable 1. Calculated cncrgies and encrgy difference for several
contormations of ethylmethylamine by ab vnne and hybnd DFT methods

M-thod/basis Encigy (Hartree) Energy differences
(em™ !y
RIT/6 3G 173 276489 410 517
MP2all/6-31G(d) -173 851684 L] 4058
MP2etul)/6-31+G(d) -177 863197 2608 486
MEXHI6-311G(d.p) 174 046639 270 406
NP2 Halh)/6-311+G(d.p) -174 052907 253 463
MNP (tulh/6-311G(2d,2p) -174 100926 224 413
ME2ath/o 3114G(2d.2p) -174.105912 251 460
MP2U0I/6-311+G(2d1,2pd)  -174 176277 259 464
BAYP/6-31G(d) -174.479529 211 468
BILYP/6-31+4G(d) -174 487986 343 503
RN P/I6 3G -174 532999 REK) 444
BALYPI6-3114+Gd.p) -174 536899 322 48]
BALY P/0-1114+G(2d,2p) -174 544778 133 508
4l YP/6-311+G(2df.2pd) -I74.5‘49I67 31y 505

We also calculated the barriers to internal rotation of the
two methyl groups with three different basis sets 6-31G(d), 6-
311+G(d.p) and 6-311+G(2d,2p) at the MP2 level with full electron
tonelations. For the T conformer the values for the CH,-C
'olor was 1244, 1181 and 1170 cm™, respectively, and the CH -
'\1 tolor was 1230, 1107 ahd 1073 cm™', respectively. For both thc

.md G’ forms the barriers for the CH, - C rotor were about 100
™! fiom cach basis set, i.e. 1123, 1082 and 1058 cm™' forthe G*
lorm and about 150 cm™! for the CH, ~- N rotor with values of
1047, 968 and 917 cm™! for the G* lom1 Thercfore the ecarlier

assignment of the relatively strong Raman torsional transitions
(Figure 2) must be due to the T conformer rather than to the
gauche conformers.

250 200
WAVENUMBER/cm™'

Figure 2. Raman spectrum of gaseous ethylmethylamine between 270
and 180 ¢m ! recorded with 500-torr pressure and 3-cm™! spectral
bandwidth.

We have found by a series of studies [31-35] that the ab
initio MP2/6-31G(d) calculations predict the methyl barriers
rather well, i.c. usually better than with 100 cm™' of the
experimental values. In the earlier torsional study the barriers
were calculated by the coupled two-top model [36] which gave
barricrs of 1342 and 1143 cm™ for the CH, - C and CH, - N
rotors, respectively, which are 100 cm™! hlgher for the CH -C
top and 100 cm™' lower for the CH, — N rotor compared to thc ab
initio MP2/6-31G(d) predicted vitlucs. We also calculated the
barriers [rom the torsional frequencies without top-top coupling
and obtained values of V, = 1338 and V, = -35 cm™! for the CH,
—Crotor and V, =958 and V,=-35 cm‘l forthe CH,-N rolor
The value for thc CH,-C rolor is essentially the same as the
1342 cm™' obtaincd from the coupled rotor model but the one for
the CH, — N rotor 1s ncarly 200 cm™' lower than obtained by the
two top model. The potential energy distribution for these two
rotors gives almost equal contribution for ecach of the torsional
fundamentals with some contribution to the higher frequency
mode of the CNC bend. Therefore the two rotor model [36]
appears to be the more appropriate model for ethylmethylamine
which indicates that the ab initio MP2/6-31G(d) calculations
predicts barriers more consistent with the experimentally
determined values than the calculations with the significantly
larger basis sets.

In the earlier microwave investigation of ethylmethylamine,
the investigators [30] obtained the inversion barrier for the Me-
trans conformer from the tunnel splittings for both the normal
and amino-d, isotopomers in the ground and heavy atom
torsional excited states. For the normal species a barrier of 1818
cm™'(5.2 kcal/mol) was reported [30] which was relatively
independcnt of the heavy atom torsional state but for the N-d,
species the tunneling is damped by the barrier but increases
from 1633 cm™ (4.67 kcal/mol) in the ground state to 1776 cm™
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(5.08 keal/mol) in the second excited state For this isotopomer
the barrier appears to be approaching the value of 1818 cm™
[30] which was obtained for the normal species. We calculated
this inversion barrier utilizing a varicty of basis sets at either the
restnicted Hartree-Fock and/or with full electron correlation at
the MP2 level tor all three conformers. For the T conformer the
values ranged from a high value of 2358 ¢cm™ ! from the MP2/6-
31G(d) caleulation to a low value of 1944 ¢cm™' from the MP2/6-
311+G(2d.2p) calculauon. Since the value was decreasing with
increased size of the basis set st s concluded that these ab
inttio calculations can provide bartiers which are in agreement
with the experimentally determined values from the microwave
sphitng data

As indicated carlier we have found that we can obtaim good
structural parameters by adjusting the structural parameters
obtained from the ab vmrio caleulations to (it the rotational
constants obtained from the microwave experimental data
Unfortunately, the nuctowave spectia ol only the T conformer
has been reported [30] for two isotopic species., i.e. the normal
species and the N -d| isotopomer. Therelore, there are only six
rotational constants avaulable so only six structural parameters
can be determuned Therefore the four distances (C-H, C-N, C-
C. N-H) and two heavy atom angles were determined. The
paramcters obtaned by this method are histed in Table 2. It is
estimated that these heavy atom distances should be accurate
10 +0 00SA and the carbon-hydrogen distances to +0.003A. The
angles are expected to be predicted to £0 5° with the possible
exception of the dihedral where the ab mitio calculanons are
the least sensiive. The N-C distances have values similar o
those 1eported for this parameter (1 462 + 0.005A) for
dimethylanune [37] The fit of the six rotational constants is
given in Table 2 and the agreement with the cxperimental
rotational A constants 1s 2 and 4 MHz for the normal and N-d,
species. respectively These differences are expected to be larger
than those for the B and C rotational constants since these
constants are farger by a factor of three than the B and C
rotational constants. The four B and C rotational constants are
fitto IMHz or better for both isotopomers. Therefore, the fit 1s
quite good and the adjusted ry parameters are probably as
accuate as could be obtained from I parameters from microwave
data or r, parameters [rom electron diffraction data.

We also deternuned the enthalpy differences among the three
conformers. From the vanable lemperature studics the difference
were determined to be 335+ 35cm ! (4.01 £0.42 kJ/mol) between
the most stable T conformer and the least stable G rotamer. An
enthalpy difference of 177 + 27 em-! (2.12 £ 0.32 k)/mol) was
esumated hetween the G form and the most stable T conformer,
These results are somewhat lower but still in reasonable
agreement with the ab witio predictions at all levels of
calculations (Table 1). It is estimated that there is only 12+2%

ofthe G torm and 26 + 3% of the G* conformer present at ambient
temperature.

Table 2. Structural parameters®, rotational constants and dipole momeny,
for the Me-trans conformer of ethylmethylamine.

Parameler MP2/6-311+G(d,p) Adjusted r,
(C, N) 1 458 1.462
HC,-N,) | 457 1.461
nC-c) 1.521 1.530
1((C-H,) 1 093 1.094
rn(C-H,) 1.092 1.093
r(C,-H) 1095 1.095
f(C-H,) 1105 1.106
(C-H) 1 096 1.096
1(C,-H,,) 1103 1103
HC-H,) 1 094 1 094

WC, H,) 1092 1093
(N-H, ) 1016 1017
ZCCN, 110 8 1114
ZCNC, 1124 112.1
ZHCC, 110 8 110 §*
ZHCC, 102 110 2%
ZHOC, 107 107+
ZHCN, 1120 112.0*
ZHC N, 107 5 107 5*
ZH,CN, 1135 113 6%
ZH,CN, 109 0 109.0*
ZHCN, 109 7 109 7*
ZH,N,C, 108 6 108 7+
UCN,C,C) 176 9

UH,N.CC) 559

A 26116 25938"(23772)
B 1937 1921%3904)
C 3686 3668"(3627)

Bond distances n A, bond angles in degrees. rotational constants 1n MH:
and dipole moments 1n Debye, purameters marked with an asterisk were
not adjusted.

Rotational constants . A = 25936, B = 3920, C = 3668 MHz for norml

species and A = 23768, B = 3904, C = 3628 MHz for N-d species Ref
[30]

Numbers in parentheses are 10tational constants for the N-D specics

In our earlier reported study [29] of ethylmethylaminc we
did not report the ab initio predicted Raman spectra. Therefore
we have calculated the spectrum utilizing the experimentally
determined enthalpy differences among the conformers. These
spectra are shown in Figure 3. Since the recorded spectrum [28|
is for the liquid one expects some significant differences between
itand the predicted. This is particularly true since the G conformet
is the second more stable form in the liquid rather than the G’
form found in the krypton solution. Nevertheless the agreement
is considered except for the CCN bend at 447 cm~! where the
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Raman predicted intensity is only 1.9 A%amu. The intensity is
aossly under-predicted but some of the intensity maybe due to
\he condensed state. However even with this large deviation it
s clear that the predicted spectra can be very useful for making
vibrational assignments and identifying bands due to the less
ibundant conformers.

|
3000

1 ]
2000

WAVENUMBER / cm™

1 1 ]

Figure 3. Raman spectra of ethylmethylamine (A) experimental spectium
Fihe hquid, (B) MP2/6-31G(d) ab mmtio calculated spectrum of T, G* and

rwontormer nuxture with experimental A4 values of 177 cm ! between
Goand T and 371 ¢m ! hetween G and T conformers: (C) calculated for
the pure G conformer; (D) calculated for the pure G* conformer, (E)
calculated tor the pure T conformer.

N methvlpropergyl amine - Another secondary amine which
{werecently studied [38] was N-methylpropargyl amine (4-aza- 1-
fl‘k‘“lync). HC = CCHZNHCH, (Figure 4), to evaluate the effect

the propargyl group (—CH,—C = C—H) on the

onformational stability of this molecule compared to the three
onformer stabilities of ethylmethyl amine [27-29). There had
wtheen any previous vibrational spectroscopic studies of N-
hethylpropargyl amine, so we recorded the Raman spectra of
he liquid and solid and the infrared spectra of the gas, krypton
olutions at variable temperatures, and solid. We also carried
't ab initio calculations employing the 6-31G(d) basis set at
he level Moller-Plesset to the second order (MP2) to obtain
“quibrium geometries, force constants, vibrational frequencies,
ll\llgre(i Intensities, Raman activities, and conformational
:“"A’il‘ltl‘es. Strpctural parameters and conformational stabilities
ere also obtained from larger basis sets, i.e., MP2/6-311+G(d,p)

and MP2/6-211+G(2d,2p), as well as from density functional
theory (DFT) utilizing several basis sets. We were particularly
interested in the structural parameters since there had been an
earlier microwave study of this molecule [31] which clearly
indicated that the LP-trans conformer (Figure 4) was the most
stable form.

I l

G (LP-trans)

SR |

T (Me-trans) G (H-trans)

Figure 4. The rrans and two gauche conformers of N-methylpropargyl
amine

The vibrational assignment for the LP-trans conformer was
confidently given since it is in such a large abundance in the
gas phase and it is the only conformer remaining in the solid.
However there are very large shifts between the frequencies for
the fundamentals in the gas phase and those for the solid. These
shifts arise from the hydrogen bonding as well as the shifts
associated with the bending modes of the ethynyl, C = C-H,
group. Utilizing four scaling factors of 0.70 for CNH bend, 0.88
for the CH stretches, 0.90 for CH bends and heavy atom
stretches, and 1.3 for C = C-Cand C = C-H bends with the ab
initio MP2/6-31G(d) predicted frequencies, the fundamentals
of the LP-trans conformer are predicted with an average error of
10 cm™ which represents a percentage error of less than 1%.

In the carlier microwave study [39], five excited vibrational
states were assigned for the LP-trans conformer and from relative
intensity measurements of the lines to those of the ground state
the vibrational frequencies were determined. From the strongest
of these lines (40% of the ground-state intensity) a frequency
of 152 + 20 cm™! was obtained which was assigned to the heavy
atom torsional mode. However this mode was clearly observed
in the spectrum of the gas at about 120 cm™ and predicted from
the ab initio calculations in the range 120to 124 cm™'. Therefore
it is expected that the estimated uncertainty was too
conservalive so that a difference of 32 cm™' between the
observed fundamental and the microwave predicted wavenumber
is considered sausfactory. A second exited state of this mode
was assigned from the microwave data but the bending mode at
170 cm™! observed in the spectrum of the gas (171 cm™ in the
spectrum of the solid) was not assigned. This mode should
have given the second most intense satellite lines in the
microwave spectrum so they were either not recognized or the
lines assigned to the second excited heavy atom torsional mode
are due to this fundamental. The remaining three vibrationally
exited state lines which were assigned had relative intensities of
25, 13, and 11% which yield wavenumbers of 222 + 30, ~325, and
~356 cm~' which were assigned as the methyl torsion and the
two lowest frequency bending modes. These data are consistent
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with the observed bands in the mfrared spectrum of the gas at
240, 322 and 369 cm™' although the latter two modes are the
second and third lowest frequency bending motions. Thercfore
the agreement of the microwave predicted wavenumbers with
the observed values 1s quite good except for the heavy atom
torsion and the lowest frequency bending mode.

We calculated the inversion and methyl barriers utilizing the
6-31G(d) basis set at the levels of HF, MP2, and B3LYP. The
predicted inversion barriers have similar values from the HF and
B3LYP calculations whercas those from the MP2 calculations
are 300 1o 400 cm ! larger than those from the HEF and B3LYP
calculations. Also it should be noted that the mversion barrier
tor the LP-trans form compared (o the other enantiomer i the
H-rans form 1s about 350 cm ' arrespective of the level ol
caleulation (Table 3) The methyl torsional barriers are predicted
to be neaily the same (~1200¢cm ') for the three conformers from
the MP2/6-31G(d) calculations with only shghily larger spreads
of 50 and 100 ¢cm ' from the B3LYP and HF calculations,
respectively (Table 7). 1tis expected that the predicted barrier of
1200 ¢m™ should be close to the actual barrier, 1.¢ within 100
em', based on comparison of measured and predicted barriers
for anumber of methy! rotors [32-36].

Table 3. Calculated encrgies and energy dittercnce for three conforinations
ot N-methylpropargyl amine by ab o and hybrid DFT methods

Method/basis Encrgies and energy dilferences
I_P-_Ilun\ (Hartree Mc-tians H-trans®
(em™) (cinh)

RHF/6 31G(d) =200 909850 194 566
MP2(full)/6-31Gd) -210 580035 609 612
MP2(1ull)/6-31+G(d) =210 618247 514 504
MP2(full)/6 3114 Gd) 210 760196 668 583
MP2(tulh)/6-311+G(d.p) =210 815074 591 552
MP2(full)/6-311+G(2d,2p) 210 873635 497 513
B3LYP/6 11G(d) 211 300431 465 628
BILYP/6-3114+G(d) 211 357955 155 542
R3ILYP/6 3 114G(d.p) =20 370171 152 526
BALYP/6-311+G(2d.2p) =211 378179 3 486

a Eueigies of conformanions relative to LP-tranv

The experimental methy1 barrier value was obtaincd from the
observed sphttings in the microwave spectrum [39] and the
determined value s 1153 + 33 em™! (13.79 £ 0.40 kJ/mol) which
should be quite an accurate value since the separation of the
microwave hines depend directly on the barrier hei ght. However
it onc uses the methyl torsional frequency of 240 cm™! from the
infrared spectrum of the gas, a barrier of 1307 cm™" 15 obtained

. o) . . 2 2 ;
by using the F number (£ = ° /87 I, where I, is the reduced
moment of inertia for the internal rotation) fiom the determined
structural parameters from this current study. This value 15

expected to be too high since Vs the band assigned as the

methyl torsion has a 17% contribution from the higher fl'equcncy
C = C-Cbend. Thus by using the methyl torsional frequmcy
considerablc error can arise if it is mixed with low fl'equency
bending motions but such mixing is usually not foupq
Nevertheless it is clear that the ab initio MP2/6-31G(d) predicyeq
value of 1194 cm ! is in excellent agreement with the experimenty)
value [39)of 1153 +33cm™.

We also obtained the cnthalpy differences among (e
conformers from variable temperature (~105 to —150°C) Studiey
of the nfrared spectra of the sample dissolved in liquid krypton
From thesc data the enthalpy difference were determined 1, he
360 £72 cm ! (4.31£ 0.86 kJ/mol), between the most stable | p.
trans conformer and the second most stable Me-rrans rotamer
An enthalpy difference of 100 £ 20 cm’ ! is estimated betweey
the Me-rrans form and the least stable H-trans conformer. They
results are in reasonable agreement with the ab initio predictiony
atalllevels of calculations Itis estumated that there is only gy
of the H-trans form and 14% of the Me-rans conformer presen
at ambient temperature However 1t should be noted that thee
was considerable difficulty encountered in determining ihe
cnthalpy differences among the conformers of N-
methylpropargyl amine because of the hydrogen bonding
the molecule in the krypton solution. One of the measurcment,
between the Me-1rans and H-trans conformer gave a value o
86 cm! with the Me-trans form more stable whereas anuthe
pair gave a value of 127 cm™' with both of them having refatively
large uncertainties. Since the ab initio MP2 calculations predicied
a difference in energy for these two conformers of only a fes
wavenumbers (16 em™ from the 6-31 1+G(2d,2p) basis set) 1t wa
not possible to confidendy state that the Me-rrans form i the
second most stable conformer. The hydrogen bonding i (he
solution could aflfect the enthalpy determination diffcrently fo
these two forms. Nevertheless we estimate that the AH
difference is 100+ 20 cmi”! based on the experimental results
with the Me-trans form more stable than the H-trans rotama
based on the relative conformational stability of these two foims
for ethylmethylamine [30]. As indicated earlier however, the Me
trans conformer is the most stable form in ethylmethylamine
rather than the LP-trans form for N-methylpropargyl amine. O
possible cxplanauon for the LP-trans form being more stabl:
than the Me-rrans form in N-mcthylprapargyl amine could
its more favored orientation towards conjugation. The two lca
stable conformers for N-methylpropargyl amine have C\N,
distances which are 0.006 and 0.009A longer than it
corresponding bond length for the LP-trans conformer. For
clhylg:ethylaminc the comparable distances only differ by
0.001A.

Dimethylamine - Another secondary amine which we ¢
currently investigating is dimethylamine, (CH,),NH. wherc¥
are intcrested in the barrier to methy| rotation and the struct
parameters both of which have been previously addressed 7
40]. Therefore we carried out ab initio calculations at the MP:
level with four different basis sets and the predicted structurd
parameters are listed in Table 4. Also listed in Table 4 ar¢ ¥
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Jble 4. Structural parameters (distances in A, angles in degrees), dipole

aments (Debye) and total energy (Hartree) for dumethylamine

rametes MP2/6-~ MP2/6-311 MP2/6-311 MP2/6-311
31G(d) + G(d,p) + G(2d.2p) + (2df.2pd)

C N 1.456 1 456 1.456 1.450

€ H 1092 1 092 1.085 1.086

¢ HY 1.103 1103 1.095 1 098

¢, Hyw 1.094 1.094 1 086 1 088

N H) 1.018 1014 1.008 1010

« NC)) 111.7 ) 117 17

(€, NH) 108 8 109 2 109 3 109 5

(NC, H,) 109 § 109 8 109 9 110.0

(NC H,) 1141 113.6 113.6 1136

NCHL ) 108.9 108 9 108 9 109.0

C,NHC) 1219 1227 1225 1228

H .C, NH) +56 3 +559 +55 1 +55 1

H,C NH.) 21219 +1218 £121 9 £122 0

H,.C, NH ) £I178 1180 +118.0 1180
342135 34338 34479 34540
9414 94013 9445 9497
8288 K2R 1 8308 8352

u | 0 000 0 000 0 000 0 000

i) 0 408 0382

i | 1 086 1072

u,| 1221 1.208 1 160 1 138

(F 134y 0678102 0 835370 0 876808 0.931079

Ret [37)

ieviously reported structure which were obtained from the
nicrowave data [37]. First it should be noted that all three
iydrogens on the methyl group are non-equivalent and that
me of them is predicted to be significantly longer (~0.009A)
han the other two from all of the ab initio calculations and the
litference 1s about the same irrespective of the basis set size. In
he microwave study [37] the assumption that the C, - Hg
listance (Figure 5) was the same as the C_‘ - H, distance is

H2
N1
HB \ / H5
c4 cs
- v
- ”
> / ~
/ Z Z
He H6
H10 H7

Bure 5. Dimethylamine with atom numbers.

wrong and leads to incorrect carbon-hydrogen distances. We
have used the six rotational constants from the normal and "N
species and adjusted the predicted parameters from the ab initio
MP2/6-311+G(d,p) calculation and these adjusted r, values are
listed in Table 4. The C-H distances 1.092, 1.094 and 1.103A are
shorter than the values of 1.095, 1.098 and 1.108A obtained from
isolated carbon-hydrogen stretching frequencies [41) which may
be slightly too long. Nevertheless the less the order is predicted
correctly and with an expected uncertainty of 0.003A are nearly
in agreement with the values reported from the carbon-hydrogen
stretching frequencies.

The inversion barrier and barrier to methyl rotation were
calculated at both the RHF and MP2 levels with the latter
calculations with three different basis sets (Table 5). The

Table 5. Methyl rotational barrier and nitrogen inversion barrier of
dimethylamine.
Method/Basis Sct

Ground State Me Rotauonal Barner

Energy Energy Barrier

(Hatree) (Hatree) (em™)
RHF/6-31G(d) -134 238850 -134.233111 1260
MP2/6-31G(d) -134 678102 -134.671760 1392
MP2/6-311+G(d.p) -134.835370 -134.829634 1259
MP2/6-311+G(2d,2p) -134.876808 -134 871334 1201
MP2/6-311+G(2df,2pd) -134.931079 -134.925489 1227

inversion barrier varied from a low value of 1789 cm™' to a high
value of 2247 cm™! from the MP2/6-31G(d) calculation. The
reported cxperimental value [37] of 4.1 £ 1.1 kcal/mol (1433 £ 385
cm™ agrees with the lowest predicted value but is significantly
lower than the highest predicted value. A similar problem also
exists for the barrier to methyl rotation where the experimental
value [40] of 1052 + 12 cm™! is much lower than the predicted
values of 1201 to 1392 cm™' which is the range obtained from the
ab initio calculations. There can be no doubt concerning the
assignment of the torsional transitions since both the A” and

4 1 1 1 1 1
500 400 300
WAVENUMBER / cm-!

Figure 6. Raman spectrum of gaseous dimethylamine showing overtones
with “hot bands” of the two torsional modes.
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A" modes arc clearly observed as overtones with many “hot
bands" in the Raman spectrum of the gas (Figure 6). Also the
barrier was obtained from microwave splitting data in the first
excited state of the torstonal mode from several isotopic specics
[42] and the valuc of 1126 £ 7 ¢ (322 £+ 0.02 kcal/mol) is
signiticantly lower than the predicted value of 1392 cm™! from
the MP2/6-31Gi(d) calculattons which have been shown [31-35]
to give good results for hydrocarbons and organosilanes.

Allvlanune (3-aminopropenc) - We have also imvestgated
anumber of primary amines with one of the first ones allylamine,
CH, = CHCH,NH, where there are possibly five conformers
prc.s_cnl atambient l::mpcrulurc (Figure 7) ‘The microwave spectra
had been reported tor four (Ct, Gt, Gg and Cg) of thesc
conformers [43-47] with the first one reported for the Ctconformer
[43]. For the normal species of this conformer the reported [43]
A. B and C rotattonal constants differ by only 9. 11 and Y MHy,
respectively, trom those predicted from the ab mitio MP2(full)/
6-311+G(d,p) calculations This inttial agreement indicated that
at this Tevel of ab imitio calculation 1t would be possible o

NH
H, ' Vi
H H
Ct N
H H
Vi
v
Cg N
H H
H
Vi
L w
Gt N
H H
Vi
H
Gg
H H
H
\Ili
Gg

Figure 7. The five possible conformers of allyl amine where the capital
letters C (Cis) and G (Gauche) indicate the relative position of the amino
group to the double bond and the second letter (Jower case) t (trans), g
(gauche) or g (gauche’) the relative posiion of the ammo rotor ‘

predict the r, structural parameters for all four of the conforme
which has been donc [48]. Our major interest in allylamine wy
the conformational stability since a significant amount of
carlicr studies dependent upon the predictions from ab iny;j,
calculations utihizing a relative small basis set [49-52]. There(ore
we carried out ab initio calculations utilizing several differen
basis scts both with and without diffuse functions as wel] g,
density functional theory (DFT) calculations by the B3Lyp
method. The results of these calculations are listed in Table ¢
and there arc significant variations in the results. From the g
inttio MP2(lull) calculations with the diffuse functions ¢.
311+G(2d,2p) and 6-311+G(2df,2pd) the conformation stabilyy
order is Ct> Gg > Gt > Cg > Gg” whereas with the smaller bm.v\
set 6-311+G(d,p) the Cteonformer is less stable than both the ()
and Gg forms so the order becomes Gg > Gt > Ct > Cg > Gy’
where the first indicaton is for the relative position of the aming ;
group (C = e1y or G = gauche) to the double bond (rotaton '
around the C-C bond) and the second one (t = trans. g = gauche,
g = gauche 15 the relative position of the amino rotor, e
rotation around the C-N bond This same order is predicied
from the DFT calculations with all three of these basis sets hy
the B3LYP method but with very small differences However
with the two largest basis sets without diffuse functions, 6
311G(2d,2p) and 6-311G(2df,2pd). the ab initio calculation,
predict the conformer stability order to be Ct> Cg > Gt > GGe »
Gyg” whereas with the smaller basis set 6-31G(d) the orderis Ct>
Gt> Gg > Cg > Gg . Uulization ol diffuse functions for the ab
imtio caleulations gives a distinctive preference for the gauche
conformer for both the amino torsion and the relative position

Table 6. Calculated cnergies and energy difference for the hw
conformations® of allyl amine by ab o and hybrid DFT

Method/basisé& Energy (E))  Encrgy differences" (cm™')

Ct Cg Gt G
MP2(full)/6-31G(d) -172 653908 263 95 108 793
MP2([ull)/6-311G(d.p) -172 834537 252 112 197 &V
MP2(full)/6-31 1+G(d,p) -172.841799 116 -36 -111 50

MP2(1ull)/6-311G(2d.2p)
MP2(full)/6-311+G(2d.2p)
MP2(full)/6-31 1G(2df,2pd)
MP2(full)/6-311+G(2df.2pd) -172.960389
B3LYP/6-31G(d)
B3LYP/6-311G(d.p)
B3LYP/6-311+G(d,p)
B3LYP/6-311+G(2d,2p)
B3LYP/6-311G(2df,2pd)
B3LYP/6-311+G(2df.2pd)

-172.887007 180
172 893297 126 82 7 6M
-172.954817 188
131 110 42 oM
-173 247733 349 95
-173 304708 289 133 251 YW
-173 309660 170 0 .13 68
-173317458 168 -3 -10
-173 317257 221

173322037 163 6 -4

Conformation labels. Ct = cis-trans, Cg = cis-gauche, Gt = gauche-1it
Gg = gauche-gauche-1, Gg' = gauche-gauche-2. PEnergies '
conformations relative to Ct (cis-trans), a negative number indicafes th
conformer 1s more stable.
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of the NH, group to the double bond. Therefore it is not possible
1o predict the conformer stability order from the ab initio
calculations. However these data do indicate that the Gg”
onformer has a very large AH and there is little possibility of
observing fundamentals due to it. Also the Gt and Gg
onformers probably have similar AH valucs with the Ct from
(he most stable rotamer with the major question whether the Cg
. onformer is more or less stable than the Gt and Gg conformers.

Therefore we carried out variable temperature (=55 10-150°C)
swdies of the infrared spectra (3500 to 60 cm™), of the samplc
dissolved in hquid krypton and/or liquid xenon. From these data
it has heen possible to identify four of the possible five stable
conformers as well as to determince their relative stabilities. The
order of the conformers stabilities has been determined to be Ct,
Gt - Gg. Cg and Gg”. The cnthalpy differences have been
determmed between the most stable Ct conlormer and the second
moststable rotamer, Gt tobe 92 £ 8 cm™ (1.10 £ 0.10 kJ/mol),
and the thind most stable rotamer, Gg.tobe 122+ 12cm ' (1 46+
0 14 kJ/mol) with the Cg having a significant larger value of 173
+ 12¢em ' (2.07 £ 0.14 KJ/mol) than cither of these forms. No
cvidence was obtained for the fifth conformer Gg” which is
pedicted by most of the ab initio calculations to be less stable

|
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;Hurc 8. Raman spectra of allyl amine: (A) ligud at room temperature,
) \nnlul.ucd spectrum of a mixture of the four conformers with AH of

l|.1(:l\' lo1 Gt. AH of 122 cm™' for Gg, and AH of 173 ¢cm™ for Cg

by |;~“|) the most stable Ct form: (C) calculated spectrum for pure Cg,

b ‘I%u :llcd spectrum for pure Gg: (E) calculated spectrum for pure Gt,
taleulated spectrum for pure Ct.

by more than 600 cm™' than the Ct form. The percentage of each
conformer at ambient temperature is estimated to be: Ct (23%),
Gt (29%), Gg (25%) and Cg (20%).

We utilized these enthalpy difference along with the predicted
frequencies and Raman activities to predict the Raman spectra
from ab initio MP2/6-31G(d) calculations. These spectra are
shown in Figure 8 and the predicted one is in reasonable
agrecment with the observed spectrum when it is taken into
account that it is a liquid with extensive hydrogen bonding.
Nevertheless the spectrum was quite valuable for identifying
the four different conformer lines.

Several other primary amines are currently being investigated
with the study of cthylamine nearly complete. Therc is also a
problem with the use of diffuse functions for the ub initio
calculations where the incorrect conformer is predicted to be
the more stable form.

Methvlhydrazine - The methylhydrazine molecule
CH,NHNH, was the first ol several methylhydrazines which we
are currently investigating. There had been several
conformational studies [S3-59] of methyl hydrazine and itis clear
that the inner conformer (methyl group between the two
hydrogen atoms of the NH, group) 1s more stable than the outer
form (hydrogen atom attached to N-CHJ between the two
hydrogen atoms of the NH, group). Thus our interest was to
determine the enthalpy differcnce between the inner and outer
forms as well as obtain information on the hydrogen bonding.
Therefore we recorded the variable temperature FT-IR spectra
of xenon solutions of methyl hydrazine. Additionally we carried
out ab initio calculations utilizing the 6-31G(d) basis set at the
level of restricted Hartree-Fock and/or with full electron
correlation by the perturbation method to second order to
determine the optimized structural parameters, harmonic force
constants, vibrational frequencies, infrared intensities, Raman
activities, and conformational stabilities. We have also calculated
the structural paramcters and conformational stabilities utilizing
the larger 6-311+G(d,p) and 6-311+G(2d,2p) basis sets at the
MP2 level as well as density functional theory (DFT) calculations
with all three of the basis sets. The results of these spectroscopic
and theorctical studies were recently published [60]. The
enthalpy difference was determined tobe 323 +30cm™ (3.86 +
0.36 ki/mol) with the inner conformer (methy! group staggered
and between the two hydrogens of the NH, group) the more
stable rotamer. A complele vibrational assignment was presented
for the inner conformer, and several of the fundamentals of the
outer conformer were assigned. These assignments were
consistent with the predicted wavenumbers obtained from ab
initio MP2/6-31G(d) calculations utilizing three scaling factors.
It was also possible to obtain the enthalpy value for the
hydrogen bond from the relative intensity of a band at 745
cm™! to a fundamental at 890 cm™ of the more stable conformer.
The determined value was 282 * 19 cm™ which was approximately
one-half of the value obtained for the hydrogen bond in
methylamine [61].
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Several other methylhydrazines such as 1,1-
dimethylhydrazine and 1.2-dimethylhydrazine arc currently being
investigated to determine the conformel stabihities, structural
parameters, barriers to rotation, ctc The spectroscopic and
theoreucal results for these molecules will be published in due

coursc.
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