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Both experimental and theoretical infrared investigations of cyclopentadienylphosphine (CpP) are reported.
The infrared spectra (356600 cnt?) in the gas phase have been recorded at 0.5 casolution. Infrared
absorptions bands of the two lowest stable conformers were observed and assigned. Average integrated
intensities of isolated and overlapping vibrational bands were also determined experimentally. The vibrational
frequencies of the CpP system and its P-dideuterated isotopologue have been calculated by means of density
functional theory. The Becke exchange functional and-t¥¢ang—Parr correlation functional method with

a combination of the two basis sets, namely 6-&(d,p) and the correlation-consistent triglec-pVTZ set

of Dunning, were used. Hybrid B3LYP/B3LYP//cc-pVTZ/6-8G(d,p) anharmonic frequencies of the
fundamental, overtone, and combination transitions were calculated in the-380@n1* area with the use

of a variational approach, implemented in the P_Anhar_v1.1 code, to assign the experimental data for each
conformer.

Introduction which couples spectroscopic FTIR measurements and DFT-

Numerous experimental studies and theoretical calculations (B3LYP) anharmonic calculations, with the aim of contributing
have been reported on cyclopentadieny! derivatives bearing aincreased knowledge of the properties of this system. However,
heterosubstituerit:® The presence of & bond between the solving this problem numerlcglly is not trivial. It is well-known
silicon, germanium, tin, mercury, phosphorus, or arsenic atom that to accurately dgscrlbe vibrational spectra of molecules_ up
and the cyclopentadienyl ring means such compounds areto 8—10_at_oms requires a process based on many perturt?atl\_/e
subject to fluxional behavior caused by migration of the and variationd2% processes. If one wants to overcome this
substituent onto the different positions of the cyclopentadienyl cfitical size, it is necessary to find a compromise, either in the
ring. This rearrangement, easily observed by NMR spectroscopyPotential surface acquisition or in the method of solving
for numerous derivatives, leads to signals at chemical shifts Schrainger's equation. This last point is critical, especially
dependent on the temperature and the nature of the substituentd¥hen data on combination bands, overtones, and hot bands,
Several theoretical works have been published in the last 3p0Wwhich are a_ccurately described only in practice by a variational
years, mainly on the study of conformational characteristiés ~ @pproach, is needed. In the present (CpP) case, lots of these
and on the facial selectivity in DietsAlder addition reaction&t bands exist and some assignments remain complex. Thus, to

The preparation of the simplest phosphorus derivative, i.e., solye this issue, we have developed a variational treatment,
cyclopentadienylphosphine (CpP), which is the subject of this Which covers the 2063500 cnt* area through 21 spectral
work, was first reported in 200% The characterization of this ~ Windows?® As this is a 13-atom system, we have also been
kinetically unstable compound was performed by NMR, pho- able to test how robust our parallel approc is and gauge
toelectron, and mass spectrometry. More recently, the micro- technlcgl limits linked to the.use of a variational algorithm. .
wave spectrum was recordédo characterize the two con- In this paper, the experimental spectra and anharmonic
formers corresponding to the two minima on the potential energy calculations of the complete vibrational assignments of cyclo-
hypersurface of CpP, determined from high-level quantum PeéntadienylphosphinesBsPH, and one of its isotopologues
chemical calculations. Some vibrational dare also available, ~ CsHsPD: are discussed.
but they are not sufficient to characterize these two main
conformers.

We have undertaken the first complete vibrational analysis  Preparation of the Sample.Cyclopentadienylphosphine was
of the two stable conformers through a joint analysis method prepared as previously reported by reduction of the correspond-

*To whom correspondence should be addressed. E-mail: jean- ing quIOpentadienyldiChlorO.p.hOSphine with lithium aluminum
claude.guillemin@ensc-rennes.fr (J.-C.G.); didier.begue@univ-pau.fr (D.B.); Nydride?14A few hundred milligrams were prepared and stored
abdessamad.benidar@univ-rennesl.fr (A.B.). at 77 K before analysis by infrared spectroscopy.
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Spectroscopic Measurement and Intensity Measurements.
The sample was vaporized in the gas cell coupled to a White %28
optical systen?l A multireflection optical system was adjusted g
to obtain a total optical path of 10.6 m, and the spectra Were§
measured on a 120 HR Bruker Fourier transform interferometer 5
equipped with a KBr beam splitter, a Globar source, and a 1
liquid-nitrogen-cooled MCT detector. The spectra (average 100 4 QPH
scans; Figure 1) were collected at ambient temperature and at 2
a resolution of 0.5 cmt. l
For the measurement of the integrated intensities, more 02- gfszzf:%dﬁnﬂz:?sphme
precautions were taken. We used a small gas cell (simple-pass | Temperature: 296 K
10 cm cell) to reduce the adsorption of cyclopentadienylphos- 100 scans
phine onto the cell walls. CpP presumably agglomerates or 00 I e e e U
polymerizes in the gas phase; therefore, the cell was cooled to ~ 5® 1000 1500 2000 2500 3000 3500
—20°C to prevent this effect. Consequently, the uncertainty in Wavenumber (cm”)
the pressure was limited to about 6%. The spectra have beerFigure 1. Infrared gas-phase spectrum of cyclopentadienylphosphine
taken for different values (210 mbar) of the pressure of CpP  in the 500-3500 cm* range.
by averaging 10 scans for each spectrum at a resolution of
2 cenrl. varying by less than 10 cm from the experimental data.
We determined absolute intensities for identified vibrational Among those methods, MRCI (multireference configuration
bands by plotting their integrated absorbankg,as a function ~ interaction) and CCSD(T) (coupled cluster singles and doubles
of the partial pressure. One can easily derive the value of the including a perturbative estimation of connected triples) were

absolute band intensitg,, from the slope of the corresponding ~generally used for the study of tri- and tetraatomic systems and
straight line: were known to provide very good spectroscopic predictions

when the basis sets used are of triglguality or higher. When
lo the size of the system increases, the anharmonic force field can
A= f |09(T) dv A =SIP be calculated by a MgllerPlesset perturbative method or by
the popular DFT (density functional theory) method. These last
wherel is the optical path length arié the partial pressure in  two methods have shown their ability to correctly compute, at
the gas cell. lower cost, the anharmonic constants in the study of organic
For all the bands studied we observed a linear relationship, systems. These observations make it reasonable to expect that
with the straight line obtained passing through point (0, 0). This a combined method of determining the hybrid force fields (HFF)
indicates that Beer’s law is followed, as shown in Figure 2a,b. could be adapted for the process of treating large-scale molecular
In addition, the standard deviation from linearity gives a systems. At present the HFF, structural parameters, and
guantitative estimate of the uncertainty on Si@alue. We have harmonic constants are calculated by using a reference method
adopted this approach for all of the measured bands. In the casevhereas the cubic and quartic force constants expressed in the
where several vibrational bands overlap, only the sum of their basis of the normal reference modes are determined by a DFT/
integrated absorbance has been estimated, because they cann6t314-G(d,p) approack?-24 These conditions are used in the
be calculated separately for each component. Both the measuregresent case to complement the pure B3LYP/dodlapproach.
intensities and their associated uncertaint@svalues), sum- The notation used in this article is method1l/method2//basis1/
marized in Table 1, are expressed in atnem—2 and were basis2; i.e., the harmonic part is evaluated at the method1/basis1
determined at 253 K. Calculated intensities of the conformers level of calculation and the anharmonic part by using the
A and B of CpP, obtained at both B3LYP/6-8G(d,p) and method2/basis2 level of calculation.
B3LYP/cc-pVTZ levels of theory, are relatively equivalent and Calculations were carried out with the use of both Dunning
seem to be insensitive to the choice of basis set. We have alsccorrelation consistent pVTZ Cartestamand 6-33-G(d,p) basis
estimated an average molar fraction of 40% and 60% of sets. For geometry determination, DFT calculations were
conformers A and B, respectively, by assuming Boltzmann- undertaken for comparison with the experimental data. The
type distribution and using the relative free energies (Table 2). Becke® three-parameter exchange functional (B3) in combina-
Under these conditions, we compared the observed and meation with the Lee Yang and Pa&fr(LYP) correlation functional
sured intensities of the isolated bands with those obtained bywas used to describe the cyclopentadienylphosphigtésFH,,
our calculation. Unfortunately, at this level of analysis, we and one of its isotopologuesgidsPD,. Geometry optimization,
cannot conclude the quantitative precision of the calculated energies, and analytical first derivatives were obtained using
values. However, from a qualitative point of view, the calculated the GAUSSIAN 03 suite of progranig.
intensities at the harmonic level remain very useful for the 2. Vibrational ResolutionBecause of numerous interactions
estimation of the variation in the force constants between the between vibrational states and the uncertainties on weak
various modes of vibration of the molecule, thus contributing overtones and combination bands revealed by the IR spectra,
to their assignment. the vibrational problem should strictly be solved from a complete
Computational Details. 1. Quartic Force Field (QFF). variational approach. Nevertheless, in its current format, this
Anharmonic treatment is necessary but complex. It is well- method is limited to small systems (up to 5 atoms), whatever
known that several anharmonic force fields of small molecular hardware is used. To reach larger dimensions, one has to
systems were calculated with methods that were recognized asconsider the selection of multiple spectral windows and the use
providing good vibrational predictions, with wavenumbers of a parallel codé® 20

Tran:
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10 truncation of the Cl process nor loss of information occurs. The
method is described below.

The vibrational solutions are as near of the exact solutions
10 as the N) vibrational configurationg |v1,v2,...Vmiblil 1 < 1 <
12 N} basis useful for the resolution of the anharmonic vibrational
Vi, Schralinger equation tends toward infinity. As this basis is
v always finite and limited tdNg < N, the problem lies in the
choice of configuration space to diagonalize. This choldg (
has an influence on the precision of the variational method and
on the speed of convergence. Consequently, the best
dimensional space belonging to symmefyis generally built
iteratively18-20f one starts at order = 0, from an initial space
selected by the user (which includes one or more studied
2- vibrational states)S = {|v1,2,...#mil ", 1 < i < Ng} 2. The
configuration space;Sin direct interaction with § is obtained
at ordery = 1 by applying an operatof to S, generating
o vibrational excitations

0 2 4 6 8 10 12 14 .
Pressure (10° Atm) T$=S

S me D »
<

Absorbance (cm™)

45 whereT = T, + T, + T3 + T4 Tx generating single, double,
19 Sum(vg) v, v,v,v, triple, or quadruple excitations far= 1—4, respectively. Further
Sum (v, ) VgV, applications off lead to the definition of indirect configuration
SUM (Gt 8 ) Ve VygVig spacesy > 1: TS, = S, + 1. Note that the wayl acts on a
SUM(1,+8_*+v ) v, v g|ven_S, space means tha_t the_ one mteraptlng_Wlth it through
sum( +T""9+ w°’°)_ v23 vz“ the different terms of the vibrational force field, i.€ksssKsss$ ,

Tere ™ Tingt Qing VasrVr { ksss,Ksss Ksses Ksssgt , {Ksssr Kssss'}, and{kssssv} for Ty, To,Ts,
25 and Ty, respectively, must be generated for each configuration
of S,, wheres defines a normal vibration mode.

This topic was considered several years ago but abandoned
because of variational collapse and numerous approximafichs.
The use of modern computational developments such as parallel
algorithms now make these treatments possible. Coupling our
] multiwindows algorithm with a parallel SPMD (single program
5. multiple data) approach allows us (P(arallel) VMW Ito
overcome these limitations for medium size molecular systems.
In particular, for each Cl matrix, the use of both MPI (message

0 2 4 6 8 10 12 14 passing interface) and increased computational effort on loop
Pressure (10° Atm) optimization enables the equal distribution of tasks among
Figure 2. (@) Variation of the integrated absorbance of isolated bands processefQWIth respect to their corresponding CPU power and
as a function of the pressure of cyclopentadienylphosphine. (b) Variation Workload:
of the integrated absorbance of the overlapping vibration modes of the ~ Once each matrix of the vibrational Hamiltonian is built, the
cyclopentadienylphosphine according to the pressure. second step deals with its diagonalization. In our approach, a
classic Block-Davidson algorithm is use#.It is not realistic

The present development is named VMWCI (variational to reprise all the work in the framework of filter diagonalization,
multiwindows configuration of interaction). This algoritA#n and there is significant activity in this field discussed else-
builds the vibrational Hamiltonian over several spectral areas, where3334 In this work, there are no major issues associated
each called a “window”. The goal here is to describe a reduced with extracting and following eigenvalues of a vibrational state
number of vibrational states in a window, in the same way as as density of state is not large and we are focused in the lower
if the whole spectrum were considered. Consequently, neither part of the spectrum (356200 cnt?).

&
1
0O e o m A

Absorbance (cm™)
8
1

TABLE 1: Absolute Intensity of the Strongest Isolated Vibrational Bands and the Estimated Sum Intensities for the
Overlapping Vibrational Bands?

isolated and overlapping vibrn bands nature of the bonds absolute interfsatirm?)
CH stretching bands/(, v, vs, v4) overlapping 85. 4 3.1
PH, sym and asym stretching bandsg, (v7) overlapping 327.19.2
C=C ring stretching out-of-phasg isolated 13411
vce ring stretching out-of-phase ocy scissoringrio isolated 27.9+ 2.2
vee ring stretching in-phase dc,H bendingyi, isolated 31.8: 2.6
pcHring rockingvis isolated 67.0: 2.1
ocH ring scissoringt dcxq bending ¢14, v1s, v16) overlapping 99.6t 3.4
Tcw Ming twistingvig isolated 65.0+ 3.9
Tph, twisting + ring deformation in-plane- ve_c stretching 23, v24) overlapping 92.6£ 2.9
Tch ring twisting + wcw ring wagging+ zew, twisting (v2e, v27) overlapping 266.3 5.9

a Abbreviations usedy = stretching;0 = in-plane bendingy = scissoringy = twisting; y = out-of-plane bendingy = wagging;p = rocking.
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TABLE 2: Calculated Free Energies Including Zero Point Energy G, ua) and Relative Free EnergiesAG, kJ mol~1) Obtained
at Both B3LYP/6-31+G(d,p) and B3LYP/cc-pVTZ Levels of Theory?

G (ua)
conformer A conformer B AG (kJ mol?) % A:% B
B3LYP/6-31+G(d,p) —535.964 287 —535.964 772 1.3 37:63
B3LYP/cc-pVTZ —536.050 593 —536.050 796 0.52 45:55
aMolar fractions in % of each conformer are estimated by assuming Boltzmann type distribution and using the relative free energies.
Conformer A
160
o
140 O BILYPB31+G™ R
] & B3LYP/6-311+G** A
1204 A B3LYP/cc-pVTZ Y
_— 8
o g
"% 80
>
IE m_
8 40
204
04
T T T T T T T T T T T
. . 500 1000 1500 2000 2500 3000 3500
Figure 3. Two A and B stable conformers of cyclopentadienylphos- p
phine. The PH group is rotated approximately 126etween the two Wavenumber (cm’)
forms. Figure 4. Obtained frequency deviation from the experimental value

at B3LYP harmonic calculations with 6-315(d,p), 6-31#G(d,p), and
Finally, in the present case, variational anharmonic treatmentscc-pVTZ basis sets.

were carried out with the P_Anhar_v1.1 Parallel softwfre.
= 2 for 21 windows, including the two or three energetically
closer fundamental vibrational states (35@D0 cn1?), dis- 40 A B3LYP/B3LYP//6-31+G"/6-31+G**
tributed on a spectral range including the experimentally studied 1 ® B3LYPBILYPlloc-pVTZ6-31+G™
one, were used on a 10-processor system to carry out the ]
anharmonic calculations reported in this study. About 50 000 20 A
functions/matrix were diagonalized to give the required eigen- -, T A
values and eigenvectors in the energy range analyzed. Resultss 107 g%; N

A A
; S A A
are reported in Tables-3%. K 0__ 5%2#0 ___________________________ g
'e 104 & e LN A 3
Results % ] 4 e ﬁA < ‘
B3LYP/cc-pVTZ and B3LYP/6-3:G(d,p) calculations both = 2] ¢
confirm the existence of two stable conforniérsf cyclopen- -30 ¢
tadienylphosphine which correspond to different orientations of T
the phosphino group as shown in Figure 3. All calculations 40'_
indicate that conformer BQ;) is more stable than conformer 50 ——
A (Cy, possibly stabilized by an internal hydrogen-bond 500 1000 1500 2000 2500 3000 3500
interaction between a=€C double bond of the ring and the Wavenumber (cm’)

hydrogzn atoms of tie phOSpRmO group (c(B) = 2'960 an_d Figure 5. Obtained frequency deviation from the experimental value
2.903 A vsdy-c(A) = 3.115 A). The energy gap (including 4t B3LYP anharmonic calculations with 6-8G(d,p)//6-31-G(d,p),
zero point energy corrections) between the two conformers is 6-3114+G(d,p)//6-311-G(d,p) cc-pVTZ//6-3%G(d,p), and cc-pVTZ//

found to be 1.3 and 0.5 kJ mdlat both the B3LYP/6-31G- 6-311+G(d,p) basis sets.
(d,p) and B3LYP/cc-pVTZ levels of theory, respectively (see
Table 2). root-mean-square deviation of 67 chior both rotamers A and

Harmonic and anharmonic vibrational frequencies of cyclo- B. The extension of the basis set from a valence dogble-
pentadienylphosphine have been systematically calculated ats-31+G(d,p) to a valence triplé- 6-3114+G(d,p) has some
each level of theory. Infrared intensitielszf of CpP for both influence, reducing the root-mean-square deviation to 60tcm
A and B isomers were also calculated. As we did not notice a significant difference between calcula-

As expected, using a harmonic approximation overestimatestions obtained at B3LYP/6-3H#G(d,p) and B3LYP/cc-pVTZ
the observed frequencies, in particular those at high frequency,basis sets, only cc-pVTZ is used in this work.
namely the CH stretching vibrations. Figure 4 clearly indicates ~ As shown in Figure 5, all the anharmonic vibration modes
that the precision of the harmonic calculations depends on anare predicted with an absolute difference smaller than 30tcm
adequate choice of basis set. Indeed, the use of the B3LYP/6-relative to those obtained experimentally. The maximum dif-
31+G(d,p) level of theory predicts observed values with a large ference is observed for both REymmetric and antisymmetric
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TABLE 3: Observed and Calculated Vibrational Harmonic, @, and Anharmonic, v, Frequencies (cnt?) and Infrared
Intensities, lir (km/mol), of Conformer A of CpP

2¢b 3¢P

no. descripth 1) % Iir ) v IR obsd v
21 VC—H ring 3242 3080 6 3226 3073 6 3086
V2 VC—H ring 3235 3113 14 3219 3098 12 3110
V3 VC—H ring 3219 3088 9 3203 3074 8 3096
V4 VC—H ring 3209 3083 3 3193 3068 3 3086
Vs Ve, —H 3072 2918 2 3066 2916 2 2933
Ve Vas-PH, 2371 2268 94 2358 2258 76 2287
V7 Vs—PHp 2362 2266 122 2353 2255 91 2283
Vg Vs—C=C ring 1629 1592 0 1625 1589 1 [-]
Vg Vas-C—C ring 1536 1498 5 1529 1479 4 1495
V10 Vas-CC ring T Oting 1412 1380 4 1410 1378 4 1380
V11 Vas-CC ring T Pring 1320 1290 1 1322 1292 1 1292
V12 Vs—cC ring T Oc,—H 1248 1211 3 1248 1212 4 1225
V13 PCc—H 1144 1126 2 1144 1127 1 1122
Via Oc—H 1119 1101 5 1118 1086 4 1084
Vis Oc—H 1087 1072 16 1078 1057 13 1064
Vi OC,H bending 1128 1096 25 1119 1110 26 1079
V17 YViing 1030 1009 2 1028 1010 2 1009
Vig Oring T Oc—H 1028 1009 2 1025 1010 1 1009
V19 Ting 966 947 10 965 947 6 944
V20 Tiing T Opr, 956 933 0 963 940 0 [-]
V21 OpH, 948 927 1 953 931 5 922
V22 WpH, 85 843 8 855 841 7 848
V23 Tpr, T Oring 837 823 17 836 824 15 821
Vos ve—p + Oring 833 828 4 838 836 3 827
Vas Ting 815 802 1 820 807 0 -]
Vo Tring 746 737 112 745 735 100 729
Vor Wring T TeH, 726 713 2 730 716 2 710
Vog ve-p 674 661 23 677 664 17 670
V29 Vring 560 552 0 567 558 0
V30 ve—p Tt Yiing 412 402 11 416 406 12
Va1 Oc-p 235 210 2 235 209 1
V32 Oc-p 189 176 1 190 176 1
V33 PPH, 125 124 1 126 125 1

rmsd! 67.6 9.1 60.7 13.9

a Abbreviations: v = stretching;d = in-plane bendingy = scissoringz = torsion;y = out-of-plane bendingp = wagging;p = rocking.® 2¢,
B3LYP/B3LYP//6-31G(d,p)/6-3G(d,p); I, B3LYP/B3LYP//cc-pVTZ/6-3%G(d,p).¢ Symbol “[-]” indicates frequencies of very weak bands
not observed in the spectruthRoot-mean-square deviation (cH obtained at different level of calculation.

stretching modes. The anharmonic approach leads to predicteddisplacements of the phosphorus atom are systematically less
values both under and over the observed ones depending orprecise (1% in order of magnitude) than the other ones. The
the vibration mode and level of theory used. At the same time, stretchingvx—y mode description including a-vA atom (X =
the root-mean-square deviation is now reduced 4- or 5-fold. P or As) seems to be more problematic. Indeed, whatever the
Similar rms values are obtained at both B3LYP/B3LYP//6- basis set or correlation method employed, this phenomenon is
31+G(d,p)/6-31-G(d,p) and B3LYP/B3LYP//lcc-pVTZ/6-  always observed as shown bydaet al3>in two recent studies
31+G(d,p) levels of calculations, i.e., 8.5 and 9.1 dnand on vinylic systems HC=CH—XH,. Nevertheless, the present
12.1 and 13.9 cmt for isomers B and A, respectively. method allows the assignation of these two intense modes.
Anharmonic results are reported in Tables 3 and 4, where theylsomer B absorbs at higher frequencies, i.e., 2309 and
are compared to our observed fundamental frequencies. 2293 cnt! (Av = 16 cn1l), which are predicted at 2295 and
The CH stretching ring vibrationsv{—v,) are expected 2274 cnt! (Av = 21 cnt?) at the B3LYP/B3LYP//6-3%+G-
around 3090 cmb. These vibrational modes appear in the (d,p)/6-3HG(d,p) level of calculation. Strong interactions with
spectrum as overlapping absorption bands, with three maximavc—c modes are significant in this case. In the same manner,
related to frequencies at 3110, 3096, and 3086'ciResults the bands observed at 2287 and 2283ty = 6 cnT'l) are
obtained are all in good agreement with the observed data sinceattributed to isomer A and are predicted to absorb at 2268 and
the mean-average-deviation is globally less than 0.7%.vEhe 2266 cnt! (Av = 2 cn1%). At all levels, the observed intensities
mode is more sensitive to the level of calculation, beigg , of these bands are in very good agreement with our calculations
where H is in the positiom to the PH chemical group. This and unambiguously permit their assignment.
mode gives a very weak absorption band and is unsurprisingly  For the ringvc=c frequencies, the out-of-phase stretching
sensitive to rotamer effects. Corresponding frequencies arevibration is not observed for the two rotamers, in agreement
assigned to 2930 and 2897 cinfor isomers A and B, with our calculations which predict quasi-zero intensity for this
respectively, with an observed gap of 33 ¢mhen calculations mode. With respect to the calculations, the weak band observed

predict this difference to be 31 and 35 chat both the 6-3%G- at 1495 cm? is attributed to the in-phase stretching=C

(d,p)/6-3H-G(d,p) and cc-pVTZ/6-3tG(d,p) levels, respec-  vibration for the two conformers. By all methods, this vibration

tively. is predicted to have an intensity of less than 0.2% by all
Both asymmetric and symmetric RHtretching vibrations methods.

appear toward 2290 cri. All anharmonic calculations under- The simple carboncarbon bond ring stretching modes,

estimate these two vibrations. Whatever the level of calculations notatedv,q, v11, andvi,, have moderate-to-weak intensities. Both
employed (Figure 5), frequencies associated with the fullest v;o and v;; modes, which correspond to the out-of-phase
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TABLE 4: Observed and Calculated Vibrational Harmonic, @, and Anharmonic, v, Frequencies (cnt?) and Infrared
Intensities, I|)r (km/mol), of Conformer B of the CpP

2¢p 3¢P

no. descripth 1) % lir W v IR obsd v
vy VC—Hring 3242 3087 5 3227 3080 5 3096
2 VC—Hring 3236 3116 12 3221 3102 11 3110
V3 VC—H ring 3219 3090 10 3202 3075 9 3096
V4 VC—H ring 3209 3085 4 3193 3071 4 3086
Vs VCH 3038 2887 2 3027 2881 2 2897
Ve Vas-PH, 2400 2295 62 2386 2282 50 2309
V7 Vs—PH, 2373 2274 92 2362 2267 71 2293
Vg Vs—C=C ring 1631 1592 0 1628 1591 1 [-]
Vg Vas-C=C ring 1541 1501 10 1535 1492 7 1495
V1o Vas-CC ring T Oing 1408 1375 4 1406 1374 4 1376
V11 Vas-CC ring T Pring 1317 1287 1 1319 1290 1 1292
V12 Vs—cC ring T Oc,—H 1235 1199 5 1233 1194 5 1208
V13 Pc—H 1152 1130 10 1149 1128 8 1129
Via Oc—H 1119 1104 4 1118 1103 4 1090
V1is Oc—H 1116 1107 14 1111 1086 13 1094
V16 Oc,H bending 1114 1107 14 1106 1086 16 1094
V17 Yring 1024 1002 3 1025 1002 3 1002
Vig Oring T Oc—H 1025 1003 3 1020 1000 2 1002
V19 Tring 960 939 16 962 942 5 944
V20 Tiing T Oty 952 929 0 959 938 2 [
1z OpH, 944 923 10 948 928 17 918
V22 WpH, 892 873 8 889 871 7 886
Va3 Tpr, T Oring 833 810 24 833 813 20 801
Vo4 ve—p + Oring 836 832 8 842 835 3 832
Vo5 Tring 809 795 3 813 798 6 790
V26 Tring 741 727 107 742 730 87 724
Va7 Wring t TpH, 723 712 6 726 715 7 710
Vog Ve-p 643 631 9 646 634 7 638
V29 Yring 557 548 0 563 555 0
V30 Ve—p + Yiing 418 417 9 421 416 9
Va1 Oc-p 226 219 0 227 221 0
V32 Oc-p 207 186 3 205 183 2
V33 PPH, 135 132 0 136 134 0

rmsd! 65.8 8.5 58.7 12.1

a Abbreviations: v = stretching;d = in-plane bendingy = scissoringz = torsion;y = out-of-plane bendingp = wagging;p = rocking.® 2¢,
B3LYP/B3LYP//6-31G(d,p)/6-3G(d,p); ¥, B3LYP/B3LYP//cc-pVTZ/6-3%G(d,p).¢ Symbol [-] indicates frequencies of very weak bands
not observed in the spectruthRoot-mean-square deviation (cH obtained at different level of calculation.

stretching, are not sensitive to rotamer effects. The two observed In the investigated spectral area between 600 and 900,cm
bands located at 1380 and 1376 ¢énand calculated at 1380  all modes have medium to weak intensities except forrthe
and 1375 cm! correspond to thep modes of isomers A and v mode, which absorbs with a very strong band. The band
B, respectively. For the’;; modes, the same frequency at assignments in this region are complicated because of both a
1292 cnvl is assigned to both A and B rotamers. Conversely, strong density of vibrational states and numerous bands overlap-
the two observed, in-phase stretching modes are spaced ping. vo, 123, andv,g are sensitive to isomer effects. Thg
17 cnt! apart (obsd, 1225 and 1208 cin caled, 1211 and (PH; scissoring),v2, (PH; wagging),v»3 (PH; twisting), and
1199 cnv?, respectively). For all CC stretching modes, our vp4 (C—P stretching) can be affected by deuteration of the PH
calculations confirm that the bands associated with the mostgroup of cyclopentadienylphosphine. Calculated harmonic and
stable conformer (B) appear at frequencies lower than thoseanharmonic frequencies of thesksPD, isotopologue are
associated with conformer A. reported in Table 5 and are used to help with the assignment of
The CH rockingriz mode of both rotamers absorb at 1129 bands in this region. These data confirm without any doubt the
and 1122 cm! and are very well predicted by our calcula- initial, predicted, assignments.

tions: 1130 and 1126 cm. Moreover, the calculated relative In the region below 600 cm, not covered by our experi-
intensities ratio of 5 in favor of the B rotamer is in perfect mental analysis, calculations predict bands centered at (552,
agreement with the observed data. 548 cnY), (417, 402 cm?), (219, 210 cm?), (186, 176 cm?),

Despite the use of anharmonic calculations, some experi- and (132, 124 crm) representing the out-of-plane ring deforma-
mental assignments are still difficult. For example, inthe £110 tion vy, the C-P stretchingso, the C-P deformatiornvs; and
1060 cn1! area, which corresponds to thes vis, and vig v32, and the PHrockingvss. Numerous interactions have been
absorption bands, doubts persist because of various overlapsdentified in this area where there is a strong density of states.
observed in the IR spectra which are sensitive to the confor- All the modes are expected to absorb with very weak intensities
mational effect. Moreover, large discrepancies are found for the except forvso.
calculations of these bands when they are developed with the In Table 6 the B3LYP/B3LYP//6-31G(d,p)/6-31G(d,p)
use of double- and triplé-basis sets. A mathematical issue also frequencies of some selected overtone and combination bands
arises because the modes are strongly coupled, even througln agreement with the experimental investigation are listed. The
quartic force constants. intensities of these bands are all very low compared to the

V17, 18, @andvig, Namely, theyying, Oring, @nd zying, Vibration fundamental absorption bands. It is therefore very difficult to
modes, are found to be in perfect agreement in intensity and make an unambiguous assignment. All the observed overtone
frequency with the predicted values at all levels. bands, excepti2s, are unambiguously assigned. The 1800
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TABLE 5: B3LYP/6-31+G(d,p) Calculated Vibrational Harmonic, w, and Anharmonic, v, Frequencies (cm?) and Infrared
Intensities, I|)r (km/mol), of CsHsPD, Isotopologue

conformer A

conformer B

no. descripth 10} IR v w IR v

21 VC—H ring 3241 6 3078 3242 5 3085
V2 VC—H ring 3235 14 3112 3236 12 3116
V3 VC—H ring 3219 9 3088 3219 10 3090
Va VC—H ring 3209 3 3083 3209 4 3085
Vs VC—H 3072 2 2922 3037 2 2887
Ve Vas-PD, 1705 49 1652 1725 34 1671
V7 Vs—PD, 1695 66 1646 1703 47 1653
Vg Vs—C=C ring 1628 0 1590 1630 0 1596
Vo Vas-C=C ring 1536 5 1498 1541 11 1501
V10 Vas-CC ring + Oting 1412 3 1380 1408 4 1376
V11 Vas-CC ring T Pring 1319 0 1289 1316 1 1287
V12 Vs—CC ring + (SCFH 1245 3 1209 1231 5 1195
V13 PC—H 1141 1 1123 1145 4 1126
Via Oc-H 1119 5 1100 1117 5 1100
Vis Oc—H 1078 15 1052 1104 13 1079
Vie Oc,H bending 1028 1 1008 1024 4 1004
V17 YVring 1021 5 996 1021 5 1000
Vg Oring T Oc,—n 956 10 938 958 14 936
V19 Tring 955 0 932 951 1 931
V20 Tiing T OpH, 944 7 922 942 13 922
Vo1 OpD, 833 2 826 836 1 828
V22 Wpp, 819 20 809 822 46 816
V23 TPD, + (3ring 817 4 805 815 5 803
V24 ve—p + Oring 806 18 789 800 13 786
Vo5 Tiing 727 3 714 725 3 714
Vo Tiing 697 98 681 696 73 684
Vo7 Wring + TPD, 629 5 621 628 16 616
Vog Ve-p 566 9 562 556 3 549
V2g YViing 546 0 540 541 1 534
V3o ve-p + Yring 410 10 403 413 8 406
V31 (Scfp 216 0 211 218 0 217
V32 Oc-p 145 1 131 158 1 148
Va3 oPD, 123 1 123 127 1 124

a Abbreviations used:v = stretching;0 = in-plane bendingpy = scissoring;r = twisting; v = out-of-plane bendingp = wagging;p =

rocking.

TABLE 6: Overtone and Combinations Bands of the
Conformers A and B of the Cyclopentadienylphosphine
Appearing in the Investigated Spectral Region (6063500

cm™1)3
calcd
obsd conformer A conformer B assignt
1434 1439 voet Vo7
1632 1632 o3
1637 1650 1640 Vo3t Vo4
1642 1652 Vlg"r Vo7
1646 1659 V26+ V19
1641 1669 Va1 + vos
1664 Vo2t Va3

1820 Vit Vo7

1821 V15 + V26
1833 1830 1829 Vie 1+ V2s
1840 1837 1838 Via+ Vo

1838 Y1
2114 2116 2105 V10t Vos
2121 2136 V12+ V19

2140 215

2174 2174 35
2215 2233 2226 Vg + V26
2223 2237 Y13+ V15 0r V13 + vig
2488 2484 224
2499 2496 o4
3042 3022 43 + V26

aThe assignment are made with respect to theoretical calculations.

2300 cn1?! spectral window is particularly interesting as it

provides extra information about, andv,s and further overall
information about;s, whose assignment remains difficult. In

the light of these new calculations, several solutions can be
proposed to assign the observed peaks and the corresponding
results are given in Table 6. As for thelsPD, isotopologue,
these assignments are complementary to those performed on
the fundamental modes.

Conclusion

Both A and B conformers of the cyclopentadienylphosphine
and one of its isotopologuessi@sPD, were experimentally
characterized through the analysis of their gas-phase infrared
spectra in the mid-infrared region from 3500 to 500 énThe
assignments are in agreement with the predictions of anharmonic
DFT calculations carried out at both B3LYP/B3LYP//6-3&-
(d,p)/6-31G(d,p) and B3LYP//cc-pvTZ/6-3tG(d,p) levels of
theory. On the basis of these predictions, all the bands observed
are unambiguously assigned to fundamental, overtone, and
combination bands for the two conformers. Moreover, the
accuracy of the calculated spectra opens future prospects to
analyze the region below 600 cf not covered here by the
experimental analysis. This study also opens the way for
studying unsymmetrical systems where fluxional phenomena
are present. However, the increase in number of conformers
quickly limits what can be achieved by the variational approach.
In this study, 10 parallel processors were required to perform
the calculations, which is the upper acceptable limit for using
whole QFF to deal with larger systems. It is also noticeable
that the force field accuracy is linked to the number and quality
of calculations used to determine it. Nevertheless, solutions to
overcome current limits exist, such as mixed variational
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methods, mixed QFF (methodl/method2//basisl/basis2), fully
parallelized developments, and the use of symmetry. Hardwar
can also be improved by better utilization of memory. Taking
into account some of these solutions, we have shown that it is
possible to get whole data for the mid-IR, i.e. 28500 cnt?,
spectral area (10 500 cubic and quartic force constants in this
study) at lower cost with satisfactory accuracy of less than 1%
(0.46% for both conformers studied here).
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