
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 28 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Phosphorus, Sulfur, and Silicon and the Related Elements
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713618290

INFRARED SPECTRA OF TWO ISOTOPOMERS OF
ISOPROPYLPHOSPHINE: A THEORETICAL STUDY
Daniel Zerokaa; James O. Jensena

a Edgewood Research, Development, and Engineering Center Aberdeen Proving Ground, MD

To cite this Article Zeroka, Daniel and Jensen, James O.(1998) 'INFRARED SPECTRA OF TWO ISOTOPOMERS OF
ISOPROPYLPHOSPHINE: A THEORETICAL STUDY', Phosphorus, Sulfur, and Silicon and the Related Elements, 141: 1,
201 — 220
To link to this Article: DOI: 10.1080/10426509808033733
URL: http://dx.doi.org/10.1080/10426509808033733

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713618290
http://dx.doi.org/10.1080/10426509808033733
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Phosphorus, Suif~uu,.aitdSilicon, 1998. Vol. 141, pp. 201-220 
Reprints available directly from the publisher 
Photocopying permitted by license only 

Q 1998 OPA (Overseas Publishers Association) 
Amsterdam N.V. Published under license by 

the Gordon & Breach Science Publishers impnnt. 
Printed in Malaysia 

INFRARED SPECTRA OF TWO 
ISOTOPOMERS OF 

ISOPROPYLPHOSPHINE: A THEORETICAL 
STUDY 

DANIEL ZEROKA*+ and JAMES 0. JENSEN 

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

(Received 30 May, 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 DFT/B3LYP/6-311G** levels of theory. By comparison to experimental normal 
mode frequencies deduced by Durig and Cox [J. R. Dung and A. W. Cox, Jr., J.  Chem. Phys. 
80, 2493 (1976)l 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 D F l  levels of the- 
ory that the gauche conformer is more stable by 0.54 kJ/mol and 0.28 kl/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, methylaminet'] and ethylaminef2], along 
with their corresponding ammonium ions as well as the primary amine iso- 
propylaminer3]. In order to resolve ambiguities in making assignments of 
vibrational modes we examined several isotopomers of these compounds. 

* NAWNRC Fellow (1997-98) 
t Author to whom correspondence should be sent. [Permanent address: Department of 

Chemistry / Lehigh University / Bethlehem, PA 18015-3172; email: dzOO@lehigh.edu.] 
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202 DANIEL ZEROKA and JAMES 0. JENSEN 

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-dO and iso- 
propylphosphine-P,P-d2, in the trans (lone pair of electrons on P trans to 
a-CH bond) and gauche (lone pair of electrons on P gauche to a-CH 
bond) conformations. Our approach is to use the Gaussian 94 electronic 
structure software package[41 at the MP2/6-3 1 lG**[5,61 and 
DFT/B3LYP/6-3 lIG** levels of 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 (CH&CHPH2 and 
(CH,)2CHPD2. Using the available experimental f requen~ies~~]  for the 
s-trans and gauche conformers of (CH3),CHPH2 and (CH3),CHPD2, we 
determined correction factors for each unique vibrational motion. 

2. COMPUTATIONAL DETAILS 

The Gaussian 94 electronic structure rnethod~logy'~] was used to deter- 
mine the optimized geometries of gauche- and s-trans-isopropylphosphine 
at the MP2/6-3 1 lG**[51 and DFT'/l33LYP/6-3 1 lG**r6,71 levels of theory. 
The DFT calculations used the B3LYP functional firmed by combining 
Becke's three-parameter exchange functional[61 and the nonlocal correla- 
tion functional of Lee, Yang and Pad7]. 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 Li[lol. It should be emphasized 
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INFRARED SPECTRA OF TWO ISOTOPOMERS 203 

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 - 10-'os will 
be averaged over the vibrational motion which occurs in -10-'3s. 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 DFTB3LYP 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 
-dO 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 kJ mol-'from which we obtain the 
trans: gauche ratio Nt,./Ng= (1/2) exp(-301.8 J mol-'/RT) = 0.37 [the cor- 
responding value of NU/Ng = 0.39 at 25"CI. The dipole moments of the 
two conformers are quite similar - e.g. at the MP2 level of calculation 
pgauche = 1.3447 D and ptrans = 1.3695 D. From analysis of the microwave 
spectra of isopropylphosphine-dO and isopropylphosphine-d2 Durig and 
Li['O1 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 -do and -d2 isotopomers, as determined at the 
MP2/6311G** and DFT/B3LYP/6-311G** levels of theory, are reported 
in Table I1 and compared to the experimentally determined values of Durig 
and Li[lo1. 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 i~opropylamine[~~ 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 DET/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-l[E,- 
E, = (- 460.093870 a.u.)-(-460.094075 a.u.) = 2.05 x lo4 a.u.1 at the 
MP2 level of theory and 0.28 kJ mol-I [Et,- E, = (-461.040099 
a.u.)-(-461.040204 a.u.) = 1.05 x lo4 a.u.1 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 MPZdetermined zero-point energy for each conformer, 
led to the gauche form being more stable by 0.47 kJ mol-’. 

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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INFRARED SPECTRA OF TWO ISOTOPOMERS 201 

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 a.u.1 
at the MP2 level of theory and 0.34 kJ mol-'[(-461.036449 a.u.) - 
(-461.036578 a.u.)= 1.29 x lo4 a.u.1 at the DPT level of theory. The 
change in entropy, AS", is 0.90 J K-' mol-' [279.45 J K-'mol-' - 278.55 J 
K-' mol-'1 at the MP2 level of theory and 0.40 J K-' mol-' [279.41 J 
K-lrno1-l - 279.01 J K-' mol-'1 at the DPT level. The change in Gibbs 
free energy, AGO, is 0.47 kJ mol-' [(-460.110930 a.u.) - (-460.111109 
a.u.)= 1.79 x lo4 a.u.1 at the MP2 level of theory and 0.26 kJ mol-' 
[(-461.057164 a.u.) - (-461.057264 a.u.)= 1.00 x lo4 a.u] at the DFT 
level of theory. This observation that the gauche confomer is more stable 
than the trans conformer is consistent with the microwave experimental 
results of Durig and Li[Io1 who were successful in detecting the guuche 
confomer but not the trans conformer. Once AGO is known, the ratio rr:g 
can be determined from Ntr/Ns = exp(-AG"/RT) which at -78.5 "C yields 
a numerical value of 0.75 using the MP2 calculated value of AGO. How- 
ever, since this ratio would apply to the two equivalent gauche 
conformers, g and g', the actual trans: gauche ratio is 
Ntransmgauche = 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["-'*]. This 
approach works by first deducing a set of individual scaling constants for 
given vibrational motions by taking the ratio of the experimental va1ue: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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TABLE V Correction factors for MP2/6-3 1 IG** level of calculation based on consideration 
of the s-trans and gauche conformers of isopropylphosphine-dO and 
isopropylphosphine-P,P-d2 

Vibrational mode Correction factor 

CH3 str 0.9410 
a-C-H str 0.9490 
P-H str 0.9227 

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

PD, scissor 0.9590 
c-c StT 0.98 16 
PH, wag 0.9785 

PD2 wag 0.9645 
PH2 twist 0.9580 

PD2 twist 0.9646 
c - P  str 0.9581 
C-C-P bend 1.060 1 
C-C-C bend 0.9828 
CH, torsion 1.0733 
PH2 torsion 0.9732 

PD2 torsion 0.9882 

TABLE VI Correction factors for D€T/6-31 IG** level of calculation based on consideration 
of the s-trans and gauche conformers of isopropylphosphine-dO and 
isopropyphosphine-P,P-d2 

Mbrational mode Correction factor 

CH, str 0.9602 
a-C-H Str 0.9678 
P-H str 0.9699 

P-D str 0.9817 
CH3 bend 0.9762 
a-C-H bend 0.9483 
CH, rock 0.9952 
PH, scissor 0.9707 

PD2 scissor 0.988 1 

c-c str 1.0167 
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INFRARED SPECTRA OF TWO ISOTOPOMERS 215 

Vibrational mode Correction factor 

PH, wag 1.0052 
PD, wag 0.9697 

PH2 twist 0.9860 
PD, twist 1.0324 

c-P str  

C-C-P bend 

1.0140 
1.0881 

C-C-C bend 0.9878 
CH, torsion 1.1348 
PH, torsion 1.0065 

PD, torsion 1.0292 

In Table I11 the predicted normal mode frequencies and corresponding 
infrared intensities that were determined at the MP2/6-311G** and 
DlT/B3LYP/6-311G** levels of theory are reported along with the exper- 
imentally assigned frequencies of Durig and CoxL7] for the gauche and 
s-trans conformers of (CH,)zCH-PH,. In Table IV similar values are 
reported for the gauche and s-trans conformers of the deuterated iso- 
topomer (CH3),CHPD2. 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 DFTA33LYP/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, d = (zi(Vpred,i - v ~ ~ ~ ~ , ~ ) ~  / N} 
where N is the number of normal modes (33 for isopropylphosphine), 
which ranges between 22-25 cm-', with both levels of calculation giving 
comparable d values. The range of 0 found is comparable to the range of (3 

values found for methylamine[* I, ethylamineL2] and i~opropylamine[~]. 
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 
Gau~sView"~] molecular modeling software and the Svib Vibrational 
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v,[A')=2922 cm" VJA'] = 2954 cm-' 

~,[A')=2893 cm" v,(A')=2285 cm' v,(A')=1471 cmi 

1 

v,(A')= 1469 cm" v,(A')= 1 390 cm" v,(A')= 121 9 cm-' 

vl1(A')= 1074 cm" v,,(A')= 1084 cm.' 
v,,[A]= 1 1 78 cm-' 

FIGURE 2 Displacement vectors corresponding to the 33 normal modes of vibration of 
gauche-isopropylphosphine. The frequencies are the scaled DFTB3LYP values that are 
reported in Table 111 
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INFRARED SPECTRA OF TWO ISOTOPOMERS 217 

~,,(~')=391 cm-' 

v,,(A")= 2968 cm" 

v2,(A")=2296 cm" 

v,,(A)=825 cm' 

v,(A")=2946 cm-' * 
v2,(A")= 1458 cm" 

FIGURE 2 Continued 

v,,(A')=601 cm.' 

v,,(A')=288 cm-' * 
v,,(A")=2890 cm-' 

Analysis Program['41 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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vz5(A")= 1371 cm" 

v,(A"]=966 cm.' 

v,,(A")=313 cm.' 

v~~(A")= 1269 cm" 

v,(A")=933 cm" 

v,,(A") = 26 1 cm-' 
FTGURE 2 Continued 

v2,(A")= 1 152 cm-' 

v,(A")=804 cm" 

vU(A")= 160 cm" 

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 
-do and -d2 isotopomers are given in Table 111 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 
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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 a-CH bend, the PH, scissor, and the PH, wag. The 
phosphino and methyl 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-trans and gauche conformers of 
isopropylphosphine based on calculations done at the MP2/6-3 11G** 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 PH2-group. 
It is observed that most global correction factors at the MP2 level of theory 
are approximately 0.95 and at the DlTA33LYP are approximately 0.97. 
The gauche confomer is found to be more stable than the s-trans con- 
former with the AHo 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/l33LYP/6-3 11G** level which is consistent with the microwave 
spectral data where only the gauche conformer was experimentally 
detected. 
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