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Variable-temperature{55 to—100°C) studies of the infrared spectra (350400 cn1?) of methylhydrazine,
CHs;NHNHS, dissolved in liquid xenon have been recorded. From these data the enthalpy difference has been
determined to be 32& 30 cn1? (3.86+ 0.36 kJ/mol) with thenner conformer (methyl group staggered and
between the two hydrogens of the Ngroup) the more stable rotamer. A complete vibrational assignment

is presented for the inner conformer, and several of the fundamentals of the outer conformer have been assigned.
These assignments are consistent with the predicted wavenumbers obtained from ab initio MP2/6-31G(d)
calculations utilizing three scaling factors. The optimized geometries, conformational stabilities, harmonic
force fields, infrared intensities, Raman activities, and depolarization ratios have been obtained from RHF/
6-31G(d) and/or MP2/6-31G(d) ab initio calculations. Hybrid density functional theory (DFT) calculations to
obtain the structural parameters and conformational stability by the B3LYP method were also carried out.
These quantities are compared to the corresponding experimental quantities when appropriate. Additionally
conformational stabilities and structural parameters have also been predicted from MP2 level calculations
with full electron correlation with 6-31:2G(d,p) and 6-311+G(2d,2p) basis sets. Thgstructural parameters

have been obtained from a combination of the previously reported microwave rotational constants and ab
initio MP2/6-31H-G(d,p) predicted parameters. The results are compared to some corresponding quantities
for some similar molecules.

Introduction group between the two hydrogen atoms of the,Njroup) is
more stable than theuter form. Thus our interest was to
determine the enthalpy difference 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 have
carried out ab initio calculations utilizing the 6-31G(d) basis
set at the level of restricted HartreBock and/or with full
electron correlation by the perturbation method to second order
Yo determine the optimized structural parameters, harmonic force
constants, vibrational frequencies, infrared intensities, Raman
activities, and conformational stabilities. We have also calculated
the structural parameters and conformational stabilities utilizing
the larger 6-313+G(d,p) and 6-31+G(2d,2p) basis sets at the
MP2 level as well as density functional theory (DFT) calcula-
tions with all three of the basis sets. The results of this
spectroscopic and theoretical study are reported herein.

We have been interested in the conformational stability and/
or barriers of internal rotation of organoamine molecules of
general formula RNK where R is CHCH,—,! (CHg)—,?
(CHa)ch—,3 C-C3H5—,4’5 C-C4H7—,6 CH3CH2CH2—,7 c-CsHs-
CH,— B and substituted hydrazin&s!6 For hydrazine, hH,4,%~11
and tetramethylhydrazine, ;{CH3)4,1® only the gauche con-
former is stable whereas for tetrafluorohydrazingt=i\* both
the gauche and trans conformers are present in the fluid phase
at ambient temperature with an enthalpy difference oft66
cm~1 (0.83+ 0.07 kJ/mol). This value of the enthalpy difference
was obtained from variable-temperature FT-IR spectra of xenon
solutions of NF,4. Since hydrazine and the methyl-substituted
hydrazines with one, two, or three methyl groups have hydrogen
bonding in the liquid state, there are little data available on the
conformational enthalpy differences for the methyl hydrazines
which have more than one conformer present in the fluid phases
at ambient temperature. Therefore as a continuation of our
conformational studies of substituted hydrazine molecules, we
have investigated the temperature dependence of the vibrational e sample of methylhydrazine was obtained commercially
spectrum of methylhydrazine. . . and distilled at its normal boiling point (888 °C). The sample

There have been several conformational stuéi€s®? of was further purified with a low-temperature, low-pressure
methyl hydrazine, and it is clear that immer conformer (methyl  fractionating column. The purity of the sample was checked
by comparing the mid-infrared spectrum of the vapor to that

Experimental Section

e At Phone: 01 S16 555 6098, Fax: 01 g16-235. Previously published!
5502. E_mé’”; dur?gj@umkc,edu, ’ o The mid-infrared spectra of the sample dissolved in liquefied
#Taken in part from the thesis of C.Z., which will be submitted to the xenon as a function of temperature (Figure 1A) were recorded
Egﬁggg‘gi’g Oh‘;l ghii”;ztr;%’alc’letfﬂﬁngr:‘t"gefrtsﬁg’ F?rf] B’“Sdse(;t;gsnsas City, on a Bruker model IFS-66 Fourier transform spectrometer
§ University of Missouri-Kansas City. o ' equipped with a globar source, a Ge/KBr beam splitter, and a
' University of Guyana. DTGS detector. The temperature studies ranged fresb to
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Figure 1. Comparison of experimental and calculated infrared spectra
of methylhydrazine: (A) observed infrared spectrum of methylhydrazine
in liquid xenon; (B) simulated infrared spectrum of mixture of inner
and outer conformers withH = 363 cnt?; (C) simulated infrared
spectrum of pure outer conformer; (D) simulated infrared spectrum of
pure inner conformer.

—100°C and were performed in a specially designed cryostat
cell consisting ®a 4 cmpath length copper cell with wedged
silicon windows sealed to the cell with indium gaskets. The
complete system is attached to a pressure manifold to allow
for the filling and evacuation of the cell. The cell is cooled by
boiling 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 each temperature investigated, 100 interferograms
were recorded at a 1.0 crhresolution, averaged, and trans-
formed with a boxcar truncation function. All of the observed
fundamental bands for the inner conformer and several of those
for the outer conformer are listed in Table 1.

Ab Initio Calculations

The LCAO—MO—SCEF restricted HartregFock calculations
were performed with the Gaussian-98 progféansing Gaussian-
type basis functions. The energy minima with respect to the
nuclear coordinates were obtained by the simultaneous relaxation
of all the geometric parameters using the gradient method of
Pulay?* Calculations were also carried out with full electron
correlation by the perturbation mettfddo second order up to
the 6-311(2d,2p) basis set. In addition, density functional
theory (DFT) calculations made with the Gaussian 98 program
were restricted to the hybrid B3LYP method. The determined
energy difference that resulted from these various calculations
are listed in Table 2 and range from 181 ¢n{2.17 kJ/mol)
from the RHF/6-31G(d) calculation to 365 c(4.37 kJ/mol)
from the MP2/6-31G(d) calculation with the inner conformer
always the more stable form. Most of the other calculations

Methylhydrazine
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a Calculated with the MP2/6-31G(d) basis seBcaled ab initio calculations with factor 0.88 for stretches, 0.90 for bends excegONel andINNH 0.75, 0.75 for amino torsion, and 0.90 for methyl®,

torsion.c Calculated infrared intensities in km/méICalculated Raman activities in“fmu.® Values from infrared spectrum of the ga¥alues less than 10% are omitted.
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TABLE 2: Calculated Energies and Energy Difference for TABLE 3: Symmetry Coordinates for Methylhydrazine
the Two Conformations of Methylhydrazine by ab Initio and d ot ad
Hybrid DFT Methods escription Sym coo
ey NEISmreeh S 2o
— 14
methyl  methyl NH, sym stretch S=r5+1Ts
energy En):  outer rcggltrirci):ral rot}g:ir?:ral Chs antisym stretch QTR
) 3 h)- ' CHjs antisym stretch S=r2—1r3
method/basis inner form  form (Vsinner) (Vsouter) CHs sym stretch S=r1+rp+rs
RHF/6-31G(d) —150.201 084 181 1320 1444 NH, deformation S=y—-—m—m
MP2(full)/6-31G(d) —150.671 358 363 1345 1334 CHjs antisym deformation S =203 — oz — o3
MP2(full)/6-311+G(d,p)  —150.838 407 238 1340 1248 CHs; antisym deformation S=o0,— a3
MP2(full)/6-311+G(2d,2p) —150.883 192 244 1281 1206 CHjz sym deformation So=a1+ax+az—pB1—B2—PBs
B3LYP/6-31G(d) —-151.170424 257 1406 1517 NH bend Su=6:— 6,
B3LYP/6-311G(d,p) -151.229521 272 1171 1076 NH, twist S = — 7o
B3LYP/6-311-G(2d,2p) —151.235985 286 1145 1047 CHrock Si3=281— Ba—fs
a Energies of conformations relative to the more stable inner rotamer.  CNN antisym stretch Su=Ri—R
CH3 rock 515 = ﬁz - ﬂ3
NH, wag Se=ytmt+m
CNN sym stretch S7=R+R
NH bend Ss=¢+ 01+ 02
CNN bend Se=2¢p—0;— 6,
NH; torsion So=w
CHjs torsion Si=7
H, a2 Not normalized.
Hg
—

ik

A /
H,
Figure 2. Internal coordinates of methylhydrazine. JJ M
B

gave a value around 250 crhalways with the inner form as
the more stable conformer. The determined structural parameters
are listed in Table 1S (Supporting Information).

In order to obtain a complete description of the molecular
motions involved in the normal modes of methylhydrazine, a
normal coordinate analysis has been carried out. The force field U U ¢
in Cartesian coordinates was obtained with the Gaussian 98
prograni® from the MP2/6-31G(d) calculation. The internal

coordinates shown in Figure 2 were used to form the symmetry
coordinates listed in Table 3. TiBmatrix element® were used
to convert the ab initio force field from Cartesian coordinates LJ J D
into the force field in desired internal coordinate. The resulting
) . . z \ | | | | j
force fields after scaling for both the inner and outer conformers N ;
are listed in Tables 2S and 3S, respectively. These force 35003000 2500 2000 1500 1 1000 00
. : . . WAVENUMBER (cm)
constants were used in a mass weighted Cartesian coordinate _ _
calculation to reproduce the ab initio vibrational frequencies Figure 3. Comparison of experimental and calculated Raman spectra
and to determine the potential energy distributions (PED) for Of Methylhydrazine: (A) observed Raman spectrum of methylhydrazine
. . . . in liquid phase; (B) simulated Raman spectrum of of mixture of inner

both conformers which are given in Table 1. The diagonal 5,4'guter conformers withH = 363 cm; (C) simulated Raman
e|ementS Of the force f|e|d n Intema| COOt’dInates were then Spectrum of pure outer Conformer; (D) simulated Raman Spectrum of
modified with scaling factors of 0.88 for the CH and NH pure inner conformer.
stretches, 0.9 for the heavy atom stretches, HNH bends, and
CH bends, 0.75 for thelCNH, ONNH, and amino torsion. The  be calculated from the scattering activities and the predicted
geometrical average was utilized for the off-diagonal force frequencies for each normal motfe3° To obtain the polarized
constants. The calculation was repeated to obtain the fixed scaledRkaman cross sections, the polarizabilities are incorporated into
force field and scaled vibrational frequencies. § by S[(1— p)/(1+pj)], wherep; is the depolarization ratio of

The infrared and Raman spectra were simulated as shown inthe jth normal mode. The Raman scattering cross sections and
Figures 1 and 3, respectively. The frequencies, Raman scatteringhe predicted scaled frequencies were used together with a
activities, and infrared intensities were obtained from the output Lorentzian function to obtain the calculated spectra.
of the ab initio calculations. The Raman scattering cross sections, The predicted Raman spectra of the pure inner conformer of
90;/02, which are proportional to the Raman intensities, can CH3NHNH, is shown in Figure 3D, and that of the pure outer
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conformer, in Figure 3C. The predicted Raman spectrum of the
mixture of the two conformers at 2%C, with an enthalpy
difference of 323 cm! (value obtained from xenon solution)
with the inner conformer the more stable form is shown in
Figure 3B. These spectra should be compared with the
experimental Raman spectrum of the liquid, shown in Figure
3A, and the simulated Raman spectrum closely resembles the
observed spectrum. Although there are some differences in the I
calculated versus experimental intensities, these data demonstrate [ \
the utility of ab initio calculations in predicting the spectrum | ‘
for conformer identification and vibrational assignments for
these types of substituted hydrazine molecules. It should be |
noted that some of the differences may be the result of hydrogen Jl J
bonding in the liquid.

{
The infrared spectra were also predicted from the MP2/6- ( "K
31G(d) calculations. Infrared intensities were calculated on the / /
basis of the dipole moment derivatives with respect to the /
Cartesian coordinates. The derivatives were taken from the ab /

initio calculations transformed to normal coordinates by

.

950 850 750
au, au,, WAVENUMBER (em™)
E - 8_ L Figure 4. Curve fit of the infrared spectrum of methylhydrazine in
i | Xl xenon solution in the 7181050 cn1? region.

whereQ; is theith normal coordinate; is the jth Cartesian
displacement coordinate, arkg is the transformation matrix
between the Cartesian displacement coordinates and normal
coordinates. The infrared intensities were then calculated by

o + e (]
Q) " \aQ) " \iQ

The predicted infrared spectra of the inner and outer
conformers are shown in Figure 1D,C, respectively. The mixture
of the two conformers is shown in Figure 1B. These spectra
can be compared to the experimental spectra of the sample
dissolved in liquefied xenon at75 °C shown in Figure 1A.
As a whole, the simulated infrared spectrum closely resembles

the observed spectrum, which provides excellent evidence for
the quality of the ab initio calculation.

_ Nz
3c?

Conformational Stability

To gain information about the enthalpy difference between
the two conformers similar to what is expected for the gas,
variable-temperature studies in liquefied xenon were carried out.
The sample was dissolved in liquefied xenon, and the spectra
were recorded at different temperatures varying froBb to _ i ,
—100°C. Only small interactions are expected to occur between 950 850 750
the dissolved sample and the surrounding noble gas atoms; WAVENUMBER (em)
consequently, only small frequency shifts are anticipated when Figure 5. Temperature dependence of infrared bands of methyl-
passing from the gas phase to the liquefied noble gas hydrazine dissolved in liquid xenon.
solutions?1~35 A significant advantage of this study is that the
conformer bands are better resolved in comparison with thoseis confidently assigned to thener conformer, and the shoulder
in the infrared spectrum of the gas. This is particularly important at 899 cn1! is due to theouter conformer. It is obvious from
since most of the conformer bands for this molecule are expectedthe weak intensity of the infrared bands assigned to the outer
to be observed within a few wavenumbers of each other. Also conformer that it is the conformer in the smaller abundance.
the areas of the conformer peaks are more accurately determined\dditionally there were some bands which increased in intensity
than those from the spectrum of the gas. as the temperature was lowered, but they were clearly not

The best separated bands in the infrared spectra of the xenorfundamentals of the inner conformer, i.e., the 745, 838 and 912
solution are assigned to thees and v17 fundamentals for the ~ cm~! bands (Figure 5). These bands are believed to be due to
two conformers. In Figure 4 the curve fit of the infrared hydrogen-bonded species where their population increases with
spectrum of methylhydrazine in xenon solution is shown in the decreasing temperature. Therefore, we choose the 899 cm
710 to 1050 cm! region. In Figure 5 is shown the spectral band of the outer conformer and the 890 ¢nband for the
changes for the bands belonging to the two conformers in the inner rotamer for the enthalpy determination for the conforma-
infrared spectrum of the xenon solution. The band at 890'cm tional interchange.
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earlier study’ v1; was assigned at 1305 cifrom the Raman
spectrum of the liquid (1282 crinfrared spectrum of the gas)
whereas the ab initio predicted value for this mode is in the
range 1346-1426 cnt! depending on the scaling factor of
0.75-0.90 for the NNH angle bend. Therefore the 1376 tm
band from the xenon solution has been assigned gsnd the
bands at 1293 and 1273 ctnare believed to arise from either
combination bands or from the hydrogen-bonded species (Figure
1A). Thevy; fundamental is predicted to be quite weak in the
infrared spectrum and relatively weak in the Raman spectrum
(Table 1). Previously the;; fundamental was assignéet 1122

u cm~1, which lies betweeni4 at 1129 cm?® and 45 at 1109

’ cm~1. However the ab initio predicted value forz is 1176
L cm~! and there are two choices at 1184 and 1199 crwe

- In (Is99/kse1)

4.6 5.0 5.4 5.8 . . .
1000/T (K) have rather arbitrarily chosen the lower frequency band which
Figure 6. van't Hoff plot of intensity ratios for outer and inner IS Weaker than th? _1_199 cﬁjband, mainly becaus_e it agrees
conformer bands of methylhydrazine. bette_r with the ab initio predlcteql vglue. However if the mixing
. . of this CHs rock with the NH twist is less than the predicted
TABLE 4: Temperature and Intensity Ratios from the amount (Table 1) or the scaling factor is larger than 0.75, then
Conformational and Hydrogen-Bonding Study* of the higher value of 1199 cm could be more appropriate.
Methylhydrazine Dissolved in Liquid Xenon . .

. In the carbor-hydrogen stretching region there appears to
T(°C)  1000T (K) laors00 I745/890 be two cases of Fermi resonance. The lower frequency one
—55 4.587 0.3028 0.030 23 which involves the Chl symmetric stretch at 2777 and 2835
—60 4.695 0.3373 0.030 85 cm ! was reportet! earlier. However there also appears to be
—65 4.808 0.2761 0.030 23 one at 2968 and 2947 crh involving one of the CH
—70 4.926 0.2715 0.032 70 . . h Th h . . h
—75 5.051 0.2523 0.036 40 antisymmetric stretches. The other £ahtisymmetric stretch
~80 5.181 0.2439 0.037 01 is assigned at 2930 cth These additional two bands in this
-85 5.319 0.2384 0.037 63 spectral region (Figure 1A) are too strong to be assigned as
—90 5.464 0.2127 0.04257 arising from the other conformer since it is in only 17%
:280 55-,'%2 g-iggé g-gﬁ ig abundance at ambient temperature. However we have assigned
AHR ' 3231'30 onr —282£ 19 ontt a few of the fundamentals, namelys, v17, v19, andvag, for the

outer conformer on the basis of the ab initio predicted values
aThe enthalpy value of 323 30 cnt? is for the conformational for these normal modes. It should be noted thathas the
oy _ l H 1 . . . .
stability and—282 19 cnr* s for hydrogen bond of methylhydrazine. largest predicted infrared intensity of 121.4 km/mol for the outer

To obtain the enthalpy difference between the two conform- conformer.

ers, 10 spectral data points were obtained over the temperature

range of —55 to —100 °C for each conformer band. The Discussion

intensities of the 899/890 cm conformer pair were fit to the The determination of the enthalpy difference of amines and
following equation: —In K = (AH/RT) — (ASR). TheAH value hydrazines by temperature-dependent infrared spectra of rare
was determined from a plot ofIn K versus 1T, whereAH/R gas solutions is complicated by hydrogen bonding of these
is the slope of the line antl is the intensity ratidi/lo. It is materials at the low temperature used for these studies. We
assumed that\H is not a function of temperature over the jlized the CNN symmetric stretchyz, at 890 cni! of the
temperature range. more stable inner conformer and the shoulder at 899 evhich

From the plot (Figure 6) of the natural logarithm of the pag peen assigned as the Nihig, v, of the outer conformer.
intensity ratio as a function of the reciprocal of the absolute This is the fundamental with the highest predicted infrared
temperature, an averageH value of 323+ 30 cnr* (3.86 + intensity for this conformer. It was hoped that the CNN
0.36 kJ/mol) was obtained (Table 4) with the inner conformer sy mmetric stretch would not be significantly affected by the
the more stable rotamer. The error limits are given by the hydrogen bonding. The enthalpy value of 32380 cnt ! agrees
standard deviation of the least squares fit of the intensity data. \ya|| with the ab initio predicted energy differences which ranged
These error limits do not take into account small associations from a low value of 181 cmt from the RHF/6-31G(d)
with the liquefied rare gas or other experimental factors such cgiculation to a high value 363 cthfrom the MP2/6-31G(d)
as the presence of overtones, combination bands, or H-bonded g|culation. The energy difference of 244 chobtained from

complexes in near coincidence with the measured fundamentalsine MP2/6-313-G(2d,2p) calculation is expected to be the
Similar data for the intensities of the 745 chband to the  «pest” prediction since it is from a calculation with the largest

890 cnt! band are also listed in Table 4. The 745 ¢nis basis set.
believed to be due to a hydrogen-bonded species so we have 1o NH pend is predicted at 771 cinfor the outer
taken the enthalpy value 62824 19 cnt! for the hydrogen

bond conformer, and it is expected to be the second most intense

band for this form in the fingerprint region. There is a band at
745 cnr! which might be assigned to this mode. However a
van't Hoff plot of the intensity of the 745 cm band to the

The present assignment for the fundamentals of the inner 890 cnt! band of the inner conformer givesAeH of —282 4
conformer only differs for the assignments g5 andvi3 from 19 cn! (Table 4) with the species giving rise to the 745¢ém
those given earlier from the stubfyof the infrared and Raman  band the more stable form. Therefore, we believe this 745 cm
spectra of CHNHNH,, CDsNHNH,, and CRNDNDs. In the band arises from a hydrogen-bonded species and this enthalpy

Vibrational Assignment
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TABLE 5: Structural Parameters, 2 Rotational Constants, Dipole Moments, and Energies for Methylhydrazine

MP2/6-311-G(d,p) microwave adjusted electron diffractioh
param inner outer inner outer inner outer inner outer
r(C—N) 1.456 1.456 1.44 1.44 1.461 1.461 1.461(12) 1.464(2)
r(N—N) 1.422 1.426 1.45 1.45 1.433 1.437 1.431(12) 1.429(2)
r(C—Hy) 1.093 1.093 1.09 1.09 1.093 1.093 1.095(10) 1.095(10)
r(C—Hs) 1.093 1.091 1.09 1.09 1.093 1.091 1.095(10) 1.095(10)
r(C—He) 1.103 1.101 1.09 1.09 1.103 1.101 1.095(10) 1.095(10)
r(N—Hv) 1.013 1.017 1.02 1.02 1.013 1.017 1.011(10) 1.011(10)
r(N—Hes) 1.021 1.013 1.02 1.0Z 1.021 1.013 1.011(10) 1.011(10)
r(N—Hog) 1.014 1.019 1.02 1.02 1.014 1.019 1.011(10) 1.011(10)
O(CNN) 113.6 109.5 113 113 113.3 109.3 113.47(21) 109.46(15)
(NCHy) 109.1 108.5 109 109 109.1 108.5
O(NCHs) 109.1 108.6 109 109 109.2 108.6
(H4CHs) 108.4 109.1
O(NCHp) 113.2 113.5 109 109 113.3 113.5
0(H4CHe) 108.7 108.7
O(HsCHe) 108.3 108.4
J(CNH;y) 109.9 109.0 109 109
O(NNH>) 106.4 110.8 109 109 106.4 110.9
O(NNHg) 110.9 108.0 109 109 110.9 108.0
OJ(NNHg) 107.8 112.0 109 109 107.9 112.1
O(HsNHo) 107.8 108.5 106 106°
7(H4CNN) —174.3 —178.2 —174.3 —178.2
7(HsCNH,) —118.2 —118.4 —118.2 —118.5
7(HeCNH,) 121.1 121.0 121.2 121.1
7(H/NNC) -121.1 -120.3 -121.1 —120.4
7(HsNNC) 30.7 —156.1 30.4 —156.8
7(HoNNC) —87.1 84.5 83.3 83.3 —86.8 83.5
|ueal 1.227 0.311 1.04(2) 0.26(3Y
|tto| 1.420 0.552 1.21(4) 0.60(20}
|etcl 0.705 1.950 0.46(9) 1.70(3)
|eutl 2.005 2.050 1.66(3) 1.82(5Y
A 37040 38480 36704.4(%) 38091.6(3) 36709 38094
B 9756 9651 9689.89(12) 9591.93(69Y 9690 9591
C 8604 8567 8532.00(12) 8494.42(6) 8533 8497
—(E+ 150) 0.838 407 0.837 321
AE (cm™) 238 293(23)

aBond distances in A, bond angles in deg, rotational constants in MHz, and dipole momentRefBrence 185 Assumed parametet Reference
20. ¢ Reference 21" Reference 22.

value is for the hydrogen bond of this NH group in methyl- mode with 88% contribution fror4 whereas the corresponding
hydrazine. The wavenumber for this hydrogen bond in meth- band predicted at 1091 crhfor the outer conformer has only
ylamine is 777 cm! where the NH wag is observed at 785  15% contribution fromSy4. The Si4 symmetry coordinate is
cm~1.38 Therefore the difference from the NH bending predicted predicted to contribute 17%, 31%, and 23% to the predicted
frequency of 767 cmt and the hydrogen-bonded band at 745 fundamentals at 1205, 1137, and 1067 émespectively, for
cm1is consistent with the observations of the shifts for these the outer conformer. The exact opposite differences are predicted
modes in methylamine. for the CNN symmetric stretchy 7, which is observed at 948
Most of the force constant differences for the two conformers cm™* for the outer conformer with 61% contribution fro8,
are less than 3%, but there are some notable exceptions. Thavith most of the remaining; 7 contribution of 26% fong, the
most striking change in value is fog (N—Hg of NH, group), NH bend. However, for the inner conformer;7, which is
where the value is 8.5% larger for the outer conformer (5.783 assigned at 890 cm, the S;7 symmetry coordinate contributes
verses 6.274 mdynf than the corresponding force constant only 31% to this band with contributions of 34% fraB and
for the inner conformer. This difference is expected since the 17% fromS;s. There are some significant differences for some
N—Hs bond distance is 0.008 A shorter in the outer rotamer. of the other modes such as the £idck at 1184 cm* for the
The other two N-H stretching force constants have predicted inner conformer where 33%;3 and 28%S,, (NH; twist) are
values 5.5% larger in the inner conformer compared to the the major contributions to the PED whereas for the correspond-
corresponding ones for the outer conformer, 6.190 verses  ing mode predicted at 1137 cththe PED is 41%5,3 and 31%
5.865 mdyn/&; N—H,, 6.230 verses 5.895 mdyrdA Also it Sz (CNN antisymmetric stretch) for the outer conformer.
should be noted that the force constant for theNCstretch is Nevertheless two-thirds of the modes have 60% or more
3.6% larger for the outer form (5.028 verses 4.852 mdyn/A  contribution from the major contributing symmetry coordinate.
and the NNH bending force constant is 3.9% smaller for the By utilization of the different scaling factors of 0.75 (CNH
outer conformer (0.724 verses 0.697 mdyf/Awhich is and NNH bends), 0.88 (NH and CH stretches), and 0.90 (CH,
consistent with the shorter\Hg bond for the outer conformer ~ HNH, and skeletal bends), the predicted wavenumbers for the
(Table 5). fundamentals of the inner conformer have an average error of
These differences lead to some differences in the PEDs for 13 cnmt which is only 0.8% and considered as an excellent
the two conformers. Of particular note are the two CNN prediction with only three scaling factors. It is possible that the
stretches where for the inner conformer the antisymmetric HNH scaling factor should be less than 0.90 since the, NH
stretch,v14, Which is assigned at 1129 crhis nearly a pure deformation is predicted 30 crhhigher than the observed value
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TABLE 6: Comparison of Rotational Constants Obtained from Modified ab Initio Structural Parameters and Those from
Microwave Spectra?

inner outer
molecule rotational consts obsd calcd D obsd calcd D
CH3NHNH, A 36704.40 36703.72 0.68 38091.60 38092.15 —-0.55
B 9689.89 9689.18 0.71 9591.93 9591.04 0.89
C 8532.00 8531.87 0.13 8494.42 8495.64 —1.22

aValues for the rotational constants taken from refs 18 and 21.

4000 methyl group staggered between the lone pair and a hydrogen
- atom on the other nitrogen atom, i.e., the other possible
staggered conformer. However since the energy difference is
so large and the minimum so shallow, one does not expect to
see spectroscopic evidence for this form.

g This ab initio predicted NN torsional potential is similar to
S 2000 4 s that obtained from a combination of the microwave and far-
;3 1500 4 infrared spectroscopic dat&in this earlier study the cis barrier
height of 3028+ 300 cnt?! at an angle of 359is in excellent
1000 - agreement with the ab initio value of 3638 that an angle of
500 - 569 360°. The trans barrier height of 1253 25 cni! with a
0 l | maximum at an angle of 197s similar to the predicted value
' ' j ' ' of 1108 cnt?, which is at 142 but significantly higher than
0 60 120 180 240 300 360 the barrier of 977 cm* at an angle of 217 Nevertheless the
DIHEDRAL ANGLE, (¢) agreement with the earlier proposed torsional potétitial

Figure 7. Potential function governing conformational interchange in Cons.ldere.q qu.lte good. ] ] o ]
methylhydrazine. With utilization of a potential function with five cosine and

which is one of the largest errors in the predicted values. five sine functions with the fornv = /2[5 ,—,Vi(1 — coskr) +

However we attempted to use a minimum of scaling factors to 2k=1(Vi Sin kr)], the potential constants were obtained. The
give good predicted frequencies. The value of 0.75 for the CNH €MS are\/11= 1815,V; = —2047,V3 = 959, V, = 93, andVs
bending scaling factor was taken from our study of methyl- — —18 cnm for th? cosine terms with n?uch smaller sine terms
amine36 of V' = —268,V,; = —9, Vs = 60,Vy = —39, andVs =

We have calculated the barrier to methyl rotation of the inner —29 cmi L. These terms were obtained from the MP2/6-31G(d)
conformer by utilizing the 6-31G(d), 6-3%1G(d,p), and ab initio predictions and_seem reasona_ble aIthougMImd_
6-311G(2d,2p) basis sets at the level of MP2 with full electron V, terms are s_omewhgt higher than the similar terms for torsional
correlation and by density functional theory by B3LYP (Table (€rmS governing rotation around-@ bonds. o
2). The values range from a high value of 1406 &rto a low Recently we have found that MP2/6-3tG(d,p) ab initio
value of 1145 cm! from the B3LYP/6-31G(d) and B3LYP/6-  calculations give excellent estimates of the CH and CC structural
311+G(2d,2p) calculations whereas those from the correspond- parameters for a large number of monosubstituted hydrocarbons.
ing MP2 calculations only vary from 1345 to 1281 cinThe Therefore, we have carried out a determination of the adjusted
first reported experimental valtfeof 1338 cnt® was obtained o parameters for both conformers of methylhydrazine by using
from a reassignment of some earlier reportéequencies taken @ new program that we developed in this laboratbryy
from a low-resolution far-infrared spectral study. However in a combining the previously reported microwave data of the values
more recently reporté8low-frequency spectrum of GINDND> of the rotational constants for both conformers and the ab initio
at a much higher resolution the¢ 0 and 2— 1 transitions of ~ predicted parameters. This A&M (ab initio & microwave)
the inner conformer were assigned at 281.32 and 265.66,cm  program fits the rotational constants with the structural param-
respectively, which indicates that the earlier assignment of the €ters remaining close to the ab initio values. To reduce the

1 — 0 methyl torsion at 262 cmt was the 2<— 1 transition. number of independent variables, the structural parameters are
With these more recent torsional assignments for the methyl Separated into sets according to their types. Each set uses only
group the 3-fold barriers of 1602 1 and 1472+ 19 cnr? one independent parameter in the optimization, and all structural
were obtainetf for the inner and outer conformers, respectively. Parameters in one set are adjusted by the same factor. The
Therefore, the calculated values appear to be low by-Z00 differences between similar parameters from the ab initio
cm ! irrespective of the basis set. calculation are retained in the final results. Bond lengths in the

The asymmetric amino torsional potential has been predicted Same set keep their relative ratio in distances, and bond angles
from the ab initio calculations. Beginning at the minimum for and torsional angles in the same set keep their differences in
the inner conformer a potential function was initially determined degrees. This assumption is based on the fact that errors from
by first calculating the energy every 3@ith optimization of ab initio calculations are systematic.
the structural parameters at each point from the MP2/6-31G(d) With utilization of the isolated EH stretching frequend§
calculations. Both the minima and the maxima were determined from the small amount of the CHINHNH, impurity in a CDs-
with optimization, and the resulting potential function is shown NHNH, sample, bands were observed at 2963 and 2897 cm
in Figure 7. The angle zero is where the methyl group eclipses which give G-H distances of 1.095 and 1.102 A. These values
one of the hydrogen atoms with an energy barrier of 3638'cm are in excellent agreement with the ab initio MP2/6-3G:
in going from the inner to the outer form. Additional maxima (d,p) predicted values of 1.093 and 1.103 A, respectively.
were obtained at 142 and Z1With a shallow minimum at 187 Therefore, we held these parameters fixed and varied the heavy
which places the lone pair of the nitrogen atom containing the atom and nitrogerhydrogen parameters to reproduce the six



3402 J. Phys. Chem. A, Vol. 106, No. 14, 2002 Durig et al.

rotational constants. Since the hydrogen atom is so light, thereconstants of the inner conformer of methylhydrazine. This
was little change in these parameters, but theNCdistance material is available free of charge via the Internet at http://
increased by 0.005 A and the¥ distance by 0.011 A (Table  pubs.acs.org.
5). This increase in €N distance is consistent with the similar f d
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