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INFRARED SPECTRA OF TWO
ISOTOPOMERS OF
ISOPROPYLPHOSPHINE: A THEORETICAL
STUDY

DANIEL ZEROKA** and JAMES O. JENSEN

Edgewood Research, Development, and Engineering Center Aberdeen Proving
Ground, MD 21010-5423

(Received 30 Muay, 1998; Revised 23 June, 1998)

The normal mode frequencies and the corresponding vibrational assignments of the s-trans
and gauche conformers of isopropylphosphine-dO and isopropylphosphine-P,P-d2 are exam-
ined theoretically using the Gaussian 94 set of quantum chemistry codes at the MP2/6-
311G** and DFI/B3LYP/6-311G** levels of theory. By comparison to experimental normal
mode frequencies deduced by Durig and Cox {J. R. Durig and A. W. Cox, Ir., J. Chem. Phys.
80, 2493 (1976)] correction factors for predominant vibrational motions are reported and
compared. Energetic differences as well as thermodynamic function differences between the
s-trans- and gauche-conformers are considered. It is found at the MP2 and DFT levels of the-
ory that the gauche conformer is more stable by 0.54 kJ/mol and 0.28 kJ/mol, respectively.

Keywords: Vibrations; Normal mode frequencies; Infrared spectra; Isopropylphosphine; Iso-
topomers

1. INTRODUCTION

We have recently considered, from a theoretical point of view, the infrared
spectra of two primary amines, methylamine[” and ethylamine[z], along
with their corresponding ammonium ions as well as the primary amine iso-
propylamine[3 ) In order to resolve ambiguities in making assignments of
vibrational modes we examined several isotopomers of these compounds.

* NAS/NRC Fellow (1997-98)
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In the present study we continue this work with the primary phosphine iso-
propylphosphine [1-methylethylphosphine].

It has been our experience that making unambiguous normal mode
assignments requires some care. One method for resolving ambiguities is
to examine a series of isotopomers of the compound of interest. The
requirement that the normal mode assignments be consistent with all pos-
sible isotopic shifts in the infrared spectrum (both calculated and experi-
mental) imposes severe restrictions on defining the localized motions in
the vibrational modes.

In this report we continue our earlier efforts with the consideration of
two isotopomers of isopropylphosphine, isopropylphosphine-d0 and iso-
propylphosphine-P,P-d2, in the trans (lone pair of electrons on P trans to
«-CH bond) and gauche (lone pair of electrons on P gauche to o-CH
bond) conformations. Our approach is to use the Gaussian 94 electronic
structure  software package[‘” at the MP2/6-311G**561  and
DFT/B3LYP/6-311G** levels of theory!”8]. Optimized geometries were
deduced for the s-trans and gauche conformers and this step was followed
with the determination of the 33 normal mode vibrational frequencies for
each isotopomer. Durig and Cox!™ have published experimental infrared
spectra and normal mode assignments for (CH3),CHPH, and
(CH;),CHPD,. Using the available experimental frequencies!®] for the
s-trans and gauche conformers of (CH;),CHPH; and (CH3),CHPD,, we
determined correction factors for each unique vibrational motion.

2. COMPUTATIONAL DETAILS

The Gaussian 94 electronic structure methodologym was used to deter-
mine the optimized geometries of gauche- and s-trans-isopropylphosphine
at the MP2/6-311G**1] and DFT/B3LYP/6-311G**[67] levels of theory.
The DFT calculations used the B3LYP functional formed by combining
Becke's three-parameter exchange functional!® and the nonlocal correla-
tion functional of Lee, Yang and Parrl”]. The optimized geometries that
were found are displayed in Figure 1. The optimized geometries are
reported in Table I along with a comparison with the microwave experi-
mental values for some geometrical structural parameters of the gauche
conformer that were obtained by Durig and Lit'%, 1t should be emphasized
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that the optimized geometrical coordinates which are reported correspond
to positions at which there is a minimum in the potential energy surface. in
the microwave experiment rotational motion which occurs in ~1071% will
be averaged over the vibrational motion which occurs in ~1075s. As a
result the experimental values of the geometrical coordinates correspond
to vibrational averages over the actual potential function. These two differ-
ent types of coordinates would indeed be identical if the potential function
would be exactly harmonic and would show deviations as the potential
function for a given coordinate motion would become anharmonic.

Although here the agreement between the theoretical and experimental
coordinates is very reasonable, part of the discrepancy is attributed to the
theoretical and experimental geometrical coordinates being defined in
slightly different ways. Both the MP2 and DFT/B3LYP levels of calcula-
tion produce values in very good agreement with the values that were
deduced from the microwave experiment in which only the gauche con-
former was observed. The microwave experiment was performed on the
-d0 and -d2 isotopomers with each sample maintained at dry ice tempera-
ture (-78.5°C). At 194.65 K the MP2/6-311G** value of AG°for the g —
tr equilibrium is found to be +0.47 klJ mol~'from which we obtain the
trans: gauche ratio Nt,/Ng= (1/2) exp(-301.8 J mol_llRT) =0.37 [the cor-
responding value of N /N =0.39 at 25°C]. The dipole moments of the
two conformers are quite similar — e.g. at the MP2 level of calculation
Hgauche = 1.3447 D and J;pps = 1.3695 D. From analysis of the microwave
spectra of isopropylphosphine-d0 and isopropylphosphine-d2 Durig and
Lil'0 deduced the dipole moment of the gauche conformer to be 1.23 D.
The calculated values of the A, B and C rotational constants for the gauche
conformers of the -d0 and -d2 isotopomers, as determined at the
MP2/6311G** and DFT/B3LYP/6-311G** levels of theory, are reported
in Table IT and compared to the experimentally determined values of Durig
and Li"%, The agreement with experiment is very good for both methods,
but the MP2 level of calculation is in slightly better agreement with exper-
iment. Comparison with experiment for the s-trans conformer was not
possible since no experimental structural data could be found in the litera-
ture. In contrast for isopropylaminem the s-trans conformer, not the
gauche conformer as was observed here for isopropylphosphine, was
found to be the more stable conformer.
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(a) (b)

FIGURE 1 Optimized geometries for: (a) gauche- isopropylphosphine and (b) s-trans- iso-
propylphosphine

3. ENERGETICS AND THERMODYNAMIC FUNCTIONS
FOR THE gauche — s-trans EQUILIBRIUM

The gauche and s-trans conformers for isopropylphosphine were opti-
mized at the MP2 and DFI/B3LYP levels of theory using a 6-311G**
basis set. The energetics based on electronic energy and zero-point vibra-
tional energy contributions (with the vibrational frequencies using the set
of scaling factors reported in Table V or VI) indicate that the gauche con-
former is more stable than the s-trans conformer by 0.54 kJ mol [E,-
E, = (- 460.093870 a.u.)-(-460.094075 a.u.)=2.05 x 107* au] at the
MP2 level of theory and 0.28 kJ mol™! [E,- E, = (-461.040099
a.n.)-(-461.040204 a.u.) = 1.05 x 1074 a.u.] at the DFT level of theory. In
order to examine the effect of the inclusion of additional electron correla-
tion, an MP4-level calculation was performed at the MP2-optimized
geometry for the gauche and s-trans conformers; using the MP4-electronic
energy with the MP2-determined zero-point energy for each conformer,
led to the gauche form being more stable by 0.47 kI mol~L.,

Standard state changes in thermodynamic functions for the gauche —
s-trans equilibrium can readily be determined by taking into account the
translational, vibrational and rotational contributions. Since the micro-
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wave experimental study of Durig and Li was carried out at dry ice tem-
perature (-78.5°C) we determined several changes in thermodynamic
functions at 194.15 K. At this temperature the enthalpy change, AH®, is
0.64 kJ mol™! [(-460.090213 a.u.) — (-460.090458 a.u.)=2.45 x 1074 a.u.]
at the MP2 level of theory and 0.34 kJ mol '[(-461.036449 a.u.) —
(-461.036578 a.u)= 1.29 x 1074 a.u.] at the DFT level of theory. The
change in entropy, AS®, is 0.90 J K™! mol™! [279.45 J K'mol™! - 278.55 ]
K™! mol™!] at the MP2 level of theory and 0.40 J K~! mol™! [279.41 J
K 'mol™! - 279.01 J K~! mol™!] at the DFT level. The change in Gibbs
free energy, AG®, is 0.47 kJ mol ™! [(-460.110930 a.u.) — (-460.111109
aw)= 1.79 x 10 a.u.] at the MP2 level of theory and 0.26 kJ mol™!
[(-461.057164 a.u.) — (-461.057264 a.u.)= 1.00 x 107 a.u] at the DFT
level of theory. This observation that the gauche confomer is more stable
than the frans conformer is consistent with the microwave experimental
results of Durig and Lil'® who were successful in detecting the gauche
confomer but not the trans conformer. Once AG® is known, the ratio tr:g
can be determined from Ny /N, = exp(—AG®/RT) which at -78.5 °C yields
a numerical value of 0.75 using the MP2 calculated value of AG°. How-
ever, since this ratio would apply to the two equivalent gauche
conformers,g and g’, the actual trans: gauche ratio is
Ntrans/Ngauche =0.37.

4. INFRARED SPECTRA AND NORMAL MODES OF S-TRANS-
AND GAUCHE-ISOPROPYLPHOSHINE

In this section we report the normal mode frequencies that were calculated,
describe the scaling of the normal modes and report the scaled normal
mode frequencies. All results dealing with these points are tabulated in
Tables 3—-6. We follow an approach of scaling of the calculated frequencies
to experimental frequencies developed by Hameka and Jensen!'"12], This
approach works by first deducing a set of individual scaling constants for
given vibrational motions by taking the ratio of the experimental value:the
theoretical value. This step is then followed by the determination of global
scaling factors for the unique vibrational motions of the molecule under
study by averaging over all similar vibrational motions, e.g. all C-H
stretches in the molecule.
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INFRARED SPECTRA OF TWO ISOTOPOMERS
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TABLE V Correction factors for MP2/6-311G** level of calculation based on consideration
of the s-trans and gauche conformers of isopropylphosphine-d0 and
isopropylphosphine-P,P-d2

Vibrational mode Correction factor

CHj str 0.9410
o-C-H str 0.9490
P-H sir 0.9227

P-D str 0.9340
CHj; bend 0.9667
a-C-H bend 0.9342
CHj rock 0.9786
PH, scissor 0.9472

PD, scissor 0.9590
C-Csir 0.9816
PH, wag 0.9785

PD, wag 0.9645
PH, twist 0.9580

PD, twist 0.9646
C-P str 10.9581
C-C-P bend 1.0601
C-C-Cbend 0.9828
CH; torsion 1.0733
PH, torsion 0.9732

PD, torsion 0.9882

TABLE VI Correction factors for DFT/6-311G** level of calculation based on consideration
of the s-trans and gauche conformers of  isopropylphosphine-d0  and
isopropyphosphine-P,P-d2

Vibrational mode Correction factor

CHj str 0.9602
a-C-H str 0.9678
P-H str 0.9699

P-D str 0.9817
CH; bend 0.9762
o-C-H bend 0.9483
CHj; rock 0.9952
PH, scissor 0.9707

PD, scissor 0.9881

C-Cstr 1.0167
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Vibrational mode Correction factor
PH, wag 1.0052
PD, wag 0.9697
PH,, twist 0.9860
PD, twist 1.0324
C-Pstr 1.0140
C-C-P bend 1.0881
C-C-C bend 0.9878
CHj torsion 1.1348
PH, torsion 1.0065
PD, torsion 1.0292

In Table III the predicted normal mode frequencies and corresponding
infrared intensities that were determined at the MP2/6-311G** and
DFT/B3LYP/6-311G** levels of theory are reported along with the exper-
imentally assigned frequencies of Durig and Cox!"! for the gauche and
s-trans conformers of (CHj3),CH-PH,. In Table IV similar values are
reported for the gauche and s-trans conformers of the deuterated iso-
topomer (CH3),CHPD,. Based on the determination of individual scaling
constants from the frequencies reported in Tables 3 and 4, global scaling
constants for 15 unique vibrational modes were determined and those val-
ues are reported in Tables 5 and 6 for the isotopomers that were consid-
ered. It is worth noting that the scaling factor for the DFT/B3LYP/6—
311G** is slightly larger than for the MP2/6-311G** level of calculation
indicating that there is less of a need for scaling than for the MP2/6-
311G**. In Tables 3 and 4 the quality of fitting is indicated by the
root-mean-square standard deviation, 6 = {Z;(Vpreq; — vcale,i)2 / N}”2
where N is the number of normal modes (33 for isopropylphosphine),
which ranges between 22-25 cm™', with both levels of calculation giving
comparable G values. The range of ¢ found is comparable to the range of ¢
values found for methylamine[l], ethylaminem and isopropylamine[3].
The requirement that the normal mode assignments be consistent with all
possible isotopic shifts in the infrared spectrum (both calculated and
experimental) imposes severe restrictions on defining the localized motion
involved in a particular vibrational mode.

As an aid in the assignments of the normal modes of vibration both the
GaussView!['*] molecular modeling software and the Svib Vibrational



16: 06 28 January 2011

Downl oaded At:

216 DANIEL ZEROKA and JAMES O. JENSEN

o

v{A)=2972 cm’ v,{A)=2954 cm’ v;{A)=2922 cm’

e =

S

v (K)=2893 cm’ v{[A)=2285 cm’ v,(A)=1471 cm’
v,{A)=1469 cm" viA)=1390 cm’ vo[A}=1219 cm’
viA)=1178 cm’ v,,(A)=1074 cm’ vilA)=1084 cm’

FIGURE 2 Displacement vectors corresponding to the 33 normal modes of vibration of
gauche-isopropylphosphine. The frequencies are the scaled DFI/B3LYP values that are
reported in Table I
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x
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FIGURE 2 Continued

were used for visualizing the normal modes of the

molecules which aided us greatly in making the normal mode assignments,
The normal mode displacement coordinates for gauche-isopropylphos-
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v (A)=1371 cm" v(A'}=1269 cm’ vy (A)=1152 cm’

valA)=966 cm’ voA)=933 cm’ v, {A")=804 cm’

N L

v, (A)=313 cm’ vyu[A")=261 cm’ vylA)=160cm’
FIGURE 2 Continued

phine-d0 are shown in Figure 2. The point group symmetry for s-trans-iso-
propylphosphine is C,. All vibrations are nondegenerate and of symmetry
A’ or A”. The normal mode assignments for the s-trans conformers of the
-d0 and -d2 isotopomers are given in Table III and IV. For gauche-isopro-
pyphosphine there is no symmetry. As a result, all nondegenerate vibra-
tions belong to the same irreducible representation, and vibrations cannot
be distinguished by symmetry. However, in displaying the vibrational
motions it is possible to make a one-to-one correspondence of the vibra-
tional modes in the gauche form to the vibrational modes in the s-trans
form of isopropylphosphine. In Tables 3 and 4, for the gauche -dO and -d2



16: 06 28 January 2011

Downl oaded At:

INFRARED SPECTRA OF TWO ISOTOPOMERS 219

isotopomers, vibrations are grouped into the same symmetry format as
used for the trans conformers where a given vibration is of symmetry A’ or
A”. Consistent with past usage we felt it was useful to keep the labels A’
and A” even though they no longer are symmetry labels in the case of the
gauche conformers.

With regard to the two conformers of isopropylamine, the vibrational
modes that have significant absorption intensities are the P-H and C-H
stretching modes, the «-CH bend, the PH, scissor, and the PH, wag. The
phosphino and methy! torsional motions have weak intensities.

This study has considered the prediction of the normal mode vibrational
frequencies, normal mode assignments, the predicted infrared spectra, and
some energetics of two isotopomers of s-frans and gauche conformers of
isopropylphosphine based on calculations done at the MP2/6-311G** and
DFT/B3LYP/6-311G** levels of theory. Based on use of experimentally
determined normal mode frequencies, correction constants have been
developed for the nondeuterated species and deuteration of the PH,-group.
It is observed that most global correction factors at the MP2 level of theory
are approximately 0.95 and at the DFI/B3LYP are approximately 0.97.
The gauche confomer is found to be more stable than the s-trans con-
former with the AH® value for the transformation gauche — s-trans deter-
mined to be 0.64 kJ mol™! at the MP2/6311G** level and 0.34 kJ mol-1 at
the DFT/B3LYP/6-311G** level which is consistent with the microwave
spectral data where only the gauche conformer was experimentally
detected.
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