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The structures of fluorophosphane, #1and chlorophosphane, REl, have been calculateab initio at the
SCF, MP2, CCSD, and CCSD(T) levels using a quadrdpt®larized basis set. Equilibrium and ground state

rotational constants as well as centrifugal distortion constants have been predicted for several isotopomers of

PH,F and PHCI. Theoretical CCSD(T) geometries were also determined for the series)®:BHX = F, Cl;
n = 0—3) molecules using a triplg polarized basis set. The millimeter-wave spectra of the short-lived molecules
PH;F, PHCI, and their perdeuterated species were measured in the frequency rargé€/Q0BHz. For PHF

and PHCI, accurate ground state parameters have been obtained by a combined fit of the millimeter-wave data

and the infrared ground state combination differences. rfhe, andr, structures of Pk and PHCI, as well
as PH, PCk, and PHFE; have been determined. The experimental results are found in excellent agreement with

their ab initio predictions.

I. Introduction

Unlike the isovalent silyl halides S#gX (X = F, Cl, Br, 1),
the monohalogenophosphanes,,RHhave remained almost
unknown until recently, mainly because they are short-lived
species which cannot be isolated. JMHwvas first identified
among the products of the reaction of PWith F, in an Ar
matrix at 16 K by comparing its experimental arab initio
infrared spectraand by observing the isotopic H/D shifts
obtained upon replacing BHoy PDs;. Quite recently the
harmonic and anharmonic force fields of the RHmnolecules
have been calculated at thb initio self-consistent field level,
permitting accurate prediction of many rovibrational constants.

The spectra simulated with theb initio data enabled the
identification of PHF and PHCI by low- and high-resolution
Fourier transform infrared spectroscojgy At room temperature
and a pressure 2 mbar the half-lifes of PWF and PHCI were

found to be ca. 10 and 1 min, respectively. Most fundamental
bands were observed and in the high-resolution infrared spectra

stants of PRH’CI could not be determined. Furthermore, the
available experimental data were not sufficient for determining
an accurate structure.

As the PHX molecules are made up from only four atoms,
such a structure determination should not be too difficult.
Moreover it should be interesting to compare with the structures
of PH;,5 PR,% and PHE7 and of the analogous nitrogen
derivatives which are already known. These are the reasons
why we undertook the study of the pure rotational spectra of
PHF, PHCI, and their perdeuterated species,Pand PDQ-

Cl. In order to make comparisons of the experimental rotational
constants and structures with corresponding theoretical predic-
tions, we have performed new state-of-theadrtinitio calcula-
tions on PHF and PHCI.

II. Ab Initio Calculations

Il.a. Computational Details. The quantum chemical cal-

'culations were carried out at the Hartrdeock self-consistent

the rotational J- and K-structure of bands, typical of asymmetric field (SCF) level of theor§y and at the correlated levels of

rotors near the prolate symmetric top limit (flc = —0.9971;
PHCI, « —0.9998) were resolved. The ground state

rotational and centrifugal distortion constants were determined
from ground state combination differences (GSCD). However,

it was not possible to obtain all of the constants with good
accuracy, in particular, the quartic centrifugal distortion con-
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of connected triple excitations (CCSD(TF). The correlation Table 1. Theoretical Equilibrium Structures of BHand PHCI2
consistent polarized basis sets (cc-pVnZ) of Dunning . PHF PHCI

were employed: the valence tripfebasis (cc-pVTZ) denotes

a [5s4p2d1f/4s3p2d1f/3s2pld] contraction of a (15s9p2d1f/ method _PH PP HPH HPF PH PCI_HPH HPCI

10s5p2d1f/5s2pld) primitive set for P,Cl/F/H, whereas the SCF 1.4075 15783 93.87 98.37 1.4030 2.0685 94.47 97.46
MP2 14130 16090 9216 98.02 1.4101 2.0620 92.66 96.89

quadrupleC basis (cc-pVQZ) corresponds to a [6s5p3d2f19/ oo 74172 156020 92.33 97.91 14133 2.0693 92.88 96.83

5s4p3d2f1g/4s3p2d1f] contraction of a (16s11p3d2flg/ ccsp(r) 1.4198 1.6081 92.08 97.88 1.4161 2.0735 92.59 96.73
12s6p3d2flg/6s3p2d1f) primitive set. A convergence study on

PH; made use of the quintuplebasis (cc-pV52P16but without

h functions at P and g functions at H, i.e., a [7s6p4d3f2g/
5s4p3d2f] contraction of a (20s12p4d3f2g/8s4p3d2f) primitive Table 2. Theoretical Equilibrium Structures of BH

set for P/H. Only the spherical harmonic components of d, f, cC-pVTZ cc-pvQZ CC-pV5E
and g functions were included. Unless noted otherwise, the
core molecular orbitals (F, 1s; P,Cl, 1s, 2s, 2p) were constrained_ method PH HPH PH HPH PH  HPH
to be doubly occupied in the MP2, CCSD, and CCSD(T) SCF 14081 9547 14055 9558 14043 95.59
calculations (frozen core approximation). MP2 14117 9364 14093 93.69 14078 93.71

2Bond lengths in angstroms; bond angles in degrees:pVQZ
basis.

: T - ccsb 1.4165 93.78 1.4138 93.85 14124 93.86
The molecular geometries were optimized within the con- ccspt)  1.4185 9351 14160 9355 1.4145 93.56
straint of C3, (PHs, PR, PChk) and Cs (PH:F, PHR, PHCI, CCSD(T} 1.4143 93.31 1.4108 93.48 1.4088 93.46

PHCL) point group symmetry, respectively, using numerical a . . i
. . . Bond lengths in angstroms; bond angles in degre®gthout h
gradients (stepsizes 0.01 Bohr for bond distances dnfirl functions at P and g functions at Hincluding all molecular orbitals

the angles) as implemented in the MOLPRO94 program in the correlation procedure.

systemt’ The largest internal gradient components at the

stationary points were always less tham48u. isotopomers (PEF, PD,3°Cl, PH,®"Cl, PD,*"CI) were obtained
For comparison with the present experimental data, the from those for PHF and PHS35Cl by appropriate nonlinear

quadratic and cubic force fields of PHand PHCI are required transformation& 25 via intermediate internal coordinate repre-

to provide theoretical values for the centrifugal distortion sentations of the cubic force fields.

constants and for the differences between the equilibrium and Il.b. Results. Table 1 reports the optimized molecular

ground state rotational constants. These force fields have beergeometries of PbF and PHCI at the SCF, MP2, CCSD, and

computed previousfybut have now been recalculated with a CCSD(T) levels using the cc-pVQZ basis. The CCSD(T)/cc-

larger basis set using the same computational procedure apVQZ results are our most reliable predictions. The basis set

before318 This TZ2Pf basis (see, e.g., ref 19) is of valence convergence can be judged from Table 2, which contains the

triple- quality with double polarization plus f functions: P and theoretical geometries of RHor the cc-pVTZ, cc-pvVQZ, and

Cl are described by a (12s9p)/[6s5p] béisith two sets of d cc-pV5Z basis sets. Table 3 compares the optimized structures

and one set of f polarization functiof$F is represented by a  of the halogenophosphanes B4-, (n=0-3; X =F, Cl) at

(10s6p)/[5s3p] basis with two sets of d and one set of f the CCSD(T)/cc-pVTZ level with experimental data.

polarization functions? and H is described by a (5s)/[3s] basis Inspection of Tables-13 indicates that the theoretical bond

(scale factor 1.2} with two sets of p and one set of d angles are not very sensitive to the choice of the correlation

polarization functiond? treatment (MP2, CCSD, CCSD(T)) or to basis set refinement
The MP2/TZ2Pf harmonic force fields of BH and PHCI (cc-pVTZ, cc-pVQZ, cc-pV5Z) since the calculated angles lie

were evaluated analytically in Cartesian coordinates using thein a narrow range (e.g., within G.3or PHF and PHCI).
GAUSSIAN92 progran#? The required SCF/TZ2Pf anhar- Hence, we expect an accuracy of Ofar our best predictions
monic force fields of PLF and PHCI which are not reported ~ from CCSD(T)/cc-pVQZ, in agreement with the documented
explicitly were determined by a finite difference procediife average errors from this approah.

using the GRADSCF progradhand Cartesian basis functions. The theoretical bond lengths show a slight systematic decrease

The cubic normal coordinate force constants of the less abundanwhen going from the cc-pVTZ to the cc-pVQZ basis, e.g., at
the CCSD(T) level by about 0.003 A for-fH, 0.006 A for

(12) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordorGivem. P—F, and 0.012 A for P-Cl (see Tables 43). Further basis
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) F;- :YI Pc;tzerWA- :I!h'slto\'}\%l‘?nd PP'hR' Tﬁylgrésg 157 367 0.005 A (see Table 2), even though it should be noted that the
chneider, . el, em. ys. Let f . _ H i H inti
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Short-Lived Molecules PHF and PHCI

Table 3. Theoretical and Experimental Structures of R&l, (X =
F, Cl;n = 0-3)

molecule method  r(PH) r(PX) O(YPY)® O(HPX) ref
PHs 1(E)  1.42774(9) 93.3(1) 5
r(E)  1.4114(10) 93.45(9)
r{T)  1.4185 93.5
PR r(E) 1.565(1)  97.6(2) 54
ro(E) 1.5610(1) 97.57(4)
r(T)e 1.576 97.5
PCh r(E) 2.043(2) 100.28
ro(E) 2.039(3) 100.28
ro(T) 2.065 100.28
rC) 2.043 100.28
PHR  r{E) 1.432(1) 1584(1) 98.9(1) 95.7(1)
r{E) 1.421(2) 1.579(2) 98.9(2) 95.7(2)
re(T)  1.427 1.593 99.0 95.7
ro(C) 1.420 1.578 99.0 95.7
PHCL r(T) 1.418 2.072 102.4 94.9
PHF  1(E) 1.429(1) 1.607(1) 92.0(1) 97.8(1)
r{E) 1.415(2) 1.602(2) 92.0(2) 97.8(2)
r(T) 1.423 1.614 92.0 97.9
r{C) 1.415 1.599 92.0 97.9
PH.Cl  r(E) 1.423(1) 2.068(1) 92.8(1) 96.4(1)
r{E) 1.411(2) 2.063(2) 92.8(2) 96.4(2)
r(T) 1.419 2.085 92.6 96.7
r{C) 1.412 92.6 96.7

aBond lengths in angstroms; bond angles in degrees. This work,
unless otherwise state®lr,(E) andre(E) denote experimental structures
(see text for the determination af(E). r¢(T) corresponds to the
theoretical CCSD(T)/cc-pVTZ equilibrium structure. The bond lengths
in r(T) may be corrected ta(C) by using constant bond-specific offsets
taken from PHfor P—H, from PR for P—F, and from PHCI for P—CI.
¢Y = H, F, Cl.9Including all molecular orbitals in the correlation
procedure results ifPF)= 1.574 A, 0(FPF)= 97.5. ¢Fixed at the
ab initio value.

Table 4 lists the predicted equilibrium and ground-state
rotational constants for several isotopomers obPENd PH-
Cl. From the discussion of the CCSD(T)/cc-pvVQZ bond
lengths, the corresponding rotational constants should be slightly
too small. Table 5 collects the MP2/TZ2Pf predictions of the
equilibrium centrifugal distortion constants, again for several
isotopomers. The theoretical values are expected to be internall
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PH,CI is much less stable than BH and the cell must be refilled
every 2 or 3 min.

To generate the deuterated speciesiP&hd PRCI, DsPF, was used
instead of HPF,.2":28

All measurements were made at room temperature, and the accuracy
of the frequency measurements is generally better than 50 kHz.

IV. Analysis of the Spectra

The assignment of the spectra was not easy because the
phosphanes are highly unstable species and the spectra are
crowded by strong lines due to precursors and decomposition
products. In fact, when a line quickly disappeared, this was a
good indication that it is due to a BM species.

For PHF, the a-type transitions were first predicted from the
constants resulting from the infrared spett@ad were found
close to their calculated values. With the improved constants,
it was possible to predict c-type transitions with an uncertainty
of only a few tens of a megahertz. They could be easily found
because they are rather strong. Finally a combined fit of the
GSCD obtained from the infrared spectra and the rotational data
enabled us to determine all of the rotational and quartic
centrifugal distortion constants with good precision. The
measured rotational lines are deposited as Supporting Informa-
tion (Tables AL-A6) and the derived constants are listed in
Table 6. They are given for the A-reduction in thé |
representation. In the least-squares fit, the GSCD had a unit
weight, whereas the rotational transitions had weights as set
out in the frequency tables, typically 25@000. As these
molecules are near-symmetric tops, the S-reduction might be
more appropriate. In fact, for the BXIspecies, both reductions
give a fit of the same quality (same standard deviation of fit,
same number of fitted parameters, and comparable standard
deviations for comparable constants). For consistency with
previous work we have chosen the A-reduction. We also tried
to determine the sextic constants. Ombjk could be deter-
mined, but as its inclusion did not significantly improve the fit,
we did not retain it in the final fit.

The rotational spectrum of thes = 1 excited stateyy =

y807 cntl) of PHF studied previously in the infrarédvas

consistent and slightly smaller than the observed ground state™easured and analyzed in the same way. The derived constants

constants. Tables 4 and 5 also contain the measured ground€ given in Table 6. o i
state constants and the percentage deviations between the 10 calculate a structure for RR, it is quite useful to first

theoretical and experimental values.

Ill. Experimental Details

The millimeter-wave spectra were measured with a computer-
controlled source-modulated spectrometer using phase-stabilized sub
millimeter-wave backward-wave oscillators (Thomson-CSF) as sources
and a He-cooled InSb bolometer as detector (QMC).

As PHF and PHCI are short-lived species, they must be generated
in the gaseous phase. This was done in the present study by mixing
H3PF, and BC} in the absorption cefi”?® In the case of PHF, BCh
acts as a dehydrofluorination reagent. The cell is first filled with an
excess of BG (5 mbar) so that the walls of the cell are conditioned
with BCl;. The cell is then evacuated, andRH; is admitted into the

determine the rotational constants of JF/D At the outset of

this investigation, no experimental data were available foff?D

but theab initio rotational constants were already kno%#T.o
predict the spectrum, these constants were corrected by the
relative offset observed for BR, and the first assigned a-type

lines were measured about 250 MHz away from their predicted

value. The derived parameters are given in Table 6.

The ground states of RFCI and PH3’Cl were analyzed in
the same way as for BH. Because only high-J lines were
measured, only the c-type lines were found split by the nuclear
guadrupole interaction. However, the few measured splittings
did not allow us to determine nuclear quadrupole coupling
constants. For the centrifugal distortion analysis, we used the

cell at a pressure of 0.1 mbar. Measurements are immediately startedhypothetical unsplit frequencies obtained by intensity weighted

after the admission of #PF,.. Because of the decomposition of FH
the cell must be refilled every 10 min. When no lines of,PHare
seen just after the admission off, it generally means that the cell
had not been well-pretreated with BCI

For the generation of Pi&I, HsPFR, and BC} are successively
introduced into the cell (about 1 mbar of each precursor), and the

averaging of the hyperfine components. The spectrum gD

Cl was predicted and analyzed as the,P@ne. No c-type
line could be assigned with certainty. The rotational parameters
are collected in Table 6. For BDI, the A-reduction seems to
be definitely better than the S-reduction.

measurements are immediately started after the admission of the last 1ables 4 and 5 compare the experimental ground state

precursor and after having reduced the total pressure to about 0.1 mbar

(27) Beckers, HZ. Anorg. Allg. Chem1993 619 1869.
(28) Beckers, HZ. Anorg. Allg. Chem1993 619 1880.

constants with the results of thab initio calculations. The
differences are about 1% for the rotational constants and less

(29) Kuna, R. Ph.D. Thesis, University of Wuppertal, 1993.
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Table 4. Theoretical Equilibrium A, Be, Co)2 and Theoretical and Experimental Ground St#g By, Co)° Rotational Constants (MHz) for
PH,F and PHCI

PHF PD,F PH2CI PD*Cl PHCI PD7Cl
A 131684.9 68 268.2 131203.1 67 752.0 131201.5 67 750.1
Be 15076.8 13901.6 6 687.7 6299.3 6 516.4 6136.1
Ce 149111 13525.3 6 654.8 6 223.0 6 485.2 6 063.7
calcd 130 378.9 67 803.7 130 065.6 67 342.6 130 063.0 67 340.0
expt 130 843.8 68 109.0 130494.8 67 630.1 130 323.0
expt— calcd (%) 0.36 0.45 0.33 0.43 0.20
Bo
calcd 14 997.9 138324 6 656.5 6 272.7 6 486.3 6 110.3
expt 15126.7 13949.2 6735.2 6 345.8 6 563.0
expt— calcd (%) 0.85 0.84 1.17 1.15 1.17
Co
calcd 14 825.7 13448.8 6622.2 6194.6 6 453.7 6 036.2
expt 14 958.5 13569.9 67014 6 268.3 6 530.8
expt— calcd (%) 0.89 0.89 1.18 1.17 1.18

a CCSD(T)/cc-pVQZP Theoretical correctionfe — Ag, Be — Bo, Ce — Co from SCF/TZ2Pf.
Table 5. Theoretical and ExperimentélQuartic Centrifugal Distortion Constants (kHz) for ffHand PHCI

deviation
PHF PD,F PH3CI PD*CI PHCI PD7Cl max median

Ay

expt 21.64 17.00 4.94 4.10 4.69

calcd 20.15 15.83 4.63 3.84 4.40 3.65

expt— calcd (%) 6.87 6.86 6.23 6.24 6.16 6.87 6.24

calcd 21.27 16.74 4.94 4.10 4.69

expt— calcd (%) 157 1.76 0.00 0.00 0.00 1.76 0.00
A

expt 250.62 180.84 70.41 54.80 66.98

calcd 235.82 169.15 68.61 52.37 65.41 49.86

expt— calcd (%) 5.91 6.47 2.55 4.44 2.34 6.47 4.44

calcd! 250.10 179.97 73.22 55.98 69.75

expt— calcd (%) 0.25 0.47 —3.99 —-2.15 —-4.14 4.14 2.15
Ax

expt 1897.21 1989.38

calcd 1719.63 371.97 1815.92 463.47 1819.03 465.96

expt— calcd (%) 9.36 8.72 9.36 9.04

calcd! 1980.45 435.50 2077.24 531.22 2080.59

expt— calcd (%) —4.42 —4.42 4.42 4.42
(o

expt 0.253 0.441 0.031 0.055

calcd 0.233 0.402 0.028 0.051 0.026 0.047

expt— calcd (%) 7.91 8.84 10.54 7.27 10.54 8.37

calcd! 0.245 0.425 0.030 0.054 0.028

expt— calcd (%) 3.16 2.49 3.23 1.82 3.23 2.83
Ok

expt 391.2 223.6 125.50 59.83

calcd 340.4 193.1 79.37 52.03 75.48 49.53

expt— calcd (%) 12.99 13.60 36.76 13.27 36.76 13.43

calcd! 370.4 208.7 86.46 56.40 82.17

expt— calcd (%) 5.42 6.49 31.11 5.98 31.11 6.24

aMP2/TZ2Pf, equilibrium values Ground state values.Unscaled force field? Scaled force field.

than 10% for the quartic centrifugal distortion constants, except to the rotational constants and the mean square amplitudes of
for 0k where a larger deviation is observed: it is only 13% for vibration. Both quantities may be derived from the harmonic
PH,F and PDCI but as large as 37% for BBI. It may be force field. Since the PEX molecules hav€s symmetry, their
noted that, for the molecules studied so far, the agreement isnormal coordinates transform as '4A& 2A". There are thus
quite generally worse for thék constant. But, the theoretical 13 force constants to be determined. We did not have enough
Ok values are known to be very sensitive to the choice of the data for a complete experimental determination of the force field.
structure (either equilibrium or ground staté).Indeed, if we On the other hand, the MP2/TZ2Pf force field is rather accurate
compare thel-constants instead of th®-constants, the maxi-  (and less expensive in computer time and memory than the
mum deviation is only 8%. The experimenfatonstants are  CCSD(T)/cc-pVTZ calculation), although it still shows some
systematically greater than the theoretical ones by about 6.7%.small systematic deviations (see preceding sections). Hence,
it was scaled according to the scheme

Fﬁcaledz C Fltheor (18.)

V. Harmonic Force Field
The determination of the structure from experimental data
(next section) requires the knowledge of harmonic corrections FﬁcaIEdz [CiCj]lleitjheor (1b)

(30) Csaza, A. G.; Fogarasi, GJ. Chem. Phys1988 89, 7646. whereC; andC; are the scale factors. Four different scale factors
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Table 6. Experimental Ground State Parameters obPHPD:F, PHSSCl, PH'Cl and PB*Cl and v, = 1 Parameters of P4, A-reduction,

I-representation

PH.F PHF PD.F PH,3CI PH2"CI PD,%Cl
v=20 va=1 v=0 v=20 v=0 v=20
A, MHz 130 843.812 (37) 130 792.997 (32) 68 109.0 (11) 130 494.771 (26) 130 323.03 (10) 67 630.1 (57)
B, MHz 15 126.684 (10) 14 991.542 (72) 13 949.1765 (50) 6 735.192 (8) 6 563.008 (12) 6 345.8438 (72)
C, MHz 14 958.495 (12) 14 882.821 (75) 13569.8920 (49) 6 701.362 (9) 6 530.840 (12) 6 268.2477 (70)
Aj, kHz 21.636 5 (62) 21.056 (15) 16.9952 (39) 49376 (11) 4.688 9 (56) 4.0954 (10)
A, kHz 250.622 (81) 296.95 (15) 180.841 (27) 70.408 (32) 66.98 (22) 54.801 (35)
Ak, kHz 1897.21 (36) 1873.99 (26) 37197 1989.38 (24) 1989.38 463.47
03 kHz 0.2530 (22) 0.122 (13) 0.4410 (57) 0.03130(51) 0.031 30 0.0550 (19)
Sk, kHz 891.2 (55) 164 (36) 223.6 (14) 125.5 (42) 1255 59.83 (52)
Dy, Hz 1.849 (76) 0.168 (19)
Dy, Hz 1.069 (94) 0.896 (39)
vi, cmt 807.358 97 (3)
no. of lines 35 27 40 27 24 34
o(fit), kHz 703 653 14 425 408 14
no. of IR data 6129 949 0 9410 663 0
JImad Kmax 42/13 42/13 55/13 45/6
o(fit), MHz 15.14 11.72 17.99 21.59

a Fixed at theab initio value.? GSCD’s, dimensionless$.IR transitions, dimensionles$Constrained to PF°Cl value.¢ Reference 3f Rotational
transitions.

Table 7. Geometry, Symmetry Coordinates, Scale Factors Used in the Harmonic Force Field Refinement, andiSkatedVP2/TZ2Pf
Force Constants of PH (X = F, Cl)

Symmetry Coordinates

A’ block S =Y slr(PH) + r(PH)] A" block S =Y s[r(PH) — r(PH)]
S = O(HPH) S =Y AOHPX) — OHPX)]
S =Y s[O(HPX) + O(HPX)]
S =r(PX)
Internal Coordinates and Geometry (Distances, A; Angles, deg)
PHF (X =F) PHCI (X = Cl) PH,F (X = F) PHCI (X = ClI)
r(PH) 1.4152 1.4121 O(HPH) 92.25 92.70
r(PX) 1.6158 2.0703 O(HPX) 97.89 96.90
Scale Factors
PHF (X =F) PHCI (X = CI) PHF (X =F) PHCI (X = Cl)
PH stretch 0.8640 0.8667 HPX bend 0.9513 0.9425
HPH bend 0.9172 0.9180 PX stretch 0.9479 0.9363
Scaledab Initio MP2/TZ2Pf Force Constanig;? of PH,X
PH:F PHCI PH,F PHCI PHF PHCI
A’ Block
Fi1 2.999 3.053 Fa 0.719 0.691 Fas 1.035 0.833
Fi 0.111 0.108 Fa3 0.088 0.035 Faa 0.388 0.326
Fis 0.025 —0.006 Fos —0.007 0.006 Fas 4.672 2.662
Fia 0.116 0.029
A" Block
Fss 3.004 3.062 Fse 0.052 0.066 Fes 0.952 0.807

a Units are consistent with aJ for energy, angstroms for distances, and radians for angles.

were used; they were derived by fitting the computed harmonic in the preceding section that this large deviation is mainly due
vibrational wavenumbers of the B¥ species to the observed to the choice of the structure, not to the quality of the force
ones. In order to obtain a meaningful force field, the calcula- field.

tions were performed on a structure optimized using the same
theoretical model (MP2) and basis set (TZ2Pf). The symmetry
coordinates, the scale factors, and the scaled force field are given V!-a. Experimental Structures. The best description of

in Table 7. The calculated wavenumbers are compared to theth® geometry of a molecule is the equilibrium)(structure.
experimental ones in Table 8. The scaled force constants AN equilibrium internuclear distance is the distance between

reproduce the experimental data very well, especially when two. hypothetically mqtlonless nucle! and_c_o_rrespond_s to the
o . . minimum of the potential energy functiorAb initio calculations
considering that the scaling can account for anharmonicity

. . ) 7 yield theoretical equilibrium geometries.
effects only in an average sense. For the centrifugal distortion As the nuclei undergo vibrational motions about their

constants, the improvement is also very significant (see Table gqyilibrium positions, the experimental ground state moments
5), the maximum deviation being now less than 4.4% (instead of inertia () are different from the equilibrium one&y), and

of 10% with the unscaled force field), except fixg especially  the difference depends in a complicated way on the force field
for PH:3°Cl where the deviation is still 31%. But, it was shown (quadratic and cubic). These differences have been calculated

VI. Determination of the Structures
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Table 8. Calculated and ObservetVibrational Wavenumbers K, the mean square perpendicular amplitude correction, both
(cm™) of PH,X for Given Mode Descriptioni(s, 6, ds, v, vas and obtained from the harmonic force field, whiteis the Morse

929 anharmonicity parameter. This formula (2) is an approximation
A’ symmetry A’ symmetry (diatomic approximation) because it neglects all of the anhar-

V1 V2 v3 va vs ve monic constants except the bond stretching anharmonicity.

vs(PH2) O(HPH) 0g(HPX) v(PX) vadPH2) dadHPX) Furthermore the parameters are often assumed to be equal to

PHF  calcd 2281 1109 977 807 2289 928 those of the corresponding diatomic molecules, for which
obsd 2283 1109 977 807 2287 potential functions have been determined experimentally. Most

PDF gﬁlsc(? iggg 808 775; 807898 16166;1 6 678 of them have been tabulated by Kuchitsu and Mofthdlhe

PH35CI caled 2302 1096 860 511 2311 839 parameteia of the P-CI bond is not listed in ref 39 but may
- obsd 2303 1096 861 511 2310 83 be easily calculated from the known molecular constants of the
PHCl caled 2302 1096 860 504 2311 £s9 PCI radical® The result isa = 1.575 AL Although it is

obsd 2305 1096 861 505 2310 838 i ) -
PD,5Cl caled 1651 787 630 508 1662 603 !(n.OWn that the range of va_rlatlon afis small (13—26 A l),
obsd 1665 633 510 1670 it is better, whenever possible, to deduce this effective anhar-
aCalculated with scaledab initio force constants of Table 7. mon'c Cons_tanta for each molecule, e'th_er from 'SfOtOp'C
b References 3 and 4Reference 58. differences in the average structtier from differences in the

average structure by vibrational excitatitn.
ab initio in section II, but they are known to be affected by  The isotopic shift is particularly large for the substitution H
systematic deviations which are difficult to estimateriori —D. Afirst set of calculations using the tabulated vahieH)
and which may be too large to permit an accurate structure — 1 659 A1 gave results incompatible with thab initio
determination. However, it is possible to overcome this cgicylations. A redetermination @f using more recent mo-
difficulty by deriving the average structureas described below.  |ocylar parameters for the PH radiadid not significantly
?I'herZ distance i§ the_distance between average nuclear position§mprove the results, the new value, 1.674'Abeing in good
in the ground vibrational state at 0 K. Thus, it has a clear i 0ement with the former one. This prompted us to determine
physical meaning and permits the comparison of structures of a(PH) from the isotopic difference, (PH) - r, (PD) in P,
&his molecule being much more similar to the molecules under
investigation than the radical PH. Thgandr, structures of
PH; have already been determined by different authdfg>
But, as the structure of PHhas been used to “scale” tlado
initio calculations (see below), it is important to check its

known to be very close to the corresponding equilibrium values,

the differences being generally of the same order of magnitude

as the experimental accuracy. The average bond length differs

from the equilibrium one only because of the anharmonicity of

the molecular vibrations. It is also possible to extrapolate the

r, distance to the equilibrium value if we assume that the bond accuracy.

stretching anharmonicity is the dominating term. This assump- We determined the zero-point moments of inertia forsPH

tion was carefully checked in many different molecules and was and PR using the latest ground state rotational constaansi

found to be a reasonable offe. the best harmonic force field. They were also corrected for
Thus, in order to obtain the zero-point moments of inertia €lectronic contribution using thg-factors determined by the

|g (g=a, b, ¢), we corrected the ground state constants for the analysis of the rotational Zeeman efféet. The derivedr,

harmonic contributions to the’'s. The harmonic contributions ~ structure (Table 3) is in very good agreement with the previous

to the rotational constants calculated by the usual expre$3ions determinations.

are summarized in Table A7 of the Supporting Information. The  There are three ways to estimate thstructure of PHfrom

r, structure was obtained by doing a least-squares fit of the ther, one:

structural parameters to thg It is well-established that the (1) First is the “diatomic approximation” of Oka and
structure may be strongly affected by isotopic efféét8® The Morino47 wherer, is a linear function ofu 2 4 being the
isotopic changes in bond lengths were estimated from Kuchitsu's yaquced mass of the PH or PD group. The resulting equation
formulas7:38 for the bond length is
r,=r.+%,af — K (2) ()t 2= (1) it
r.= (4)
hence e ﬂHl/z _ ﬂDl/z

or, = L0 — 6K 3) This givesr«(PH) = 1.4114 A.
(2) Second is the mass-dependence method of Nakata and

u? is the mean sguare amplitude for the bond concerned, andKuchitsuf‘s The re bond length may be obtained from the

(31) Kuchitsu, K. InAccurate Molecular StructuresDomenicano, A.,
Hargittai, 1., Eds.; Oxford University Press: Oxford, U.K., 1992; p  (39) Kuchitsu, K.; Morino, Y.Bull. Chem. Soc. Jprl965 38, 806.

14. (40) Kanamori, H.; Yamada, C.; Butler, J. E.; Kawaguchi, K.; Hirota, E.
(32) Kuchitsu, K.; Nakata, M.; Yamamoto, S. 8tereochemical Applica- J. Chem. Physl1985 83, 4945.

tions of Gas-Phase Electron Diffractipiargittai, 1., Hargittai, M., (41) Nakata, M.; Fukuyama, T.; Kuchitsu, &. Mol. Struct.1982 81, 121.

Eds.; VCH: Weinheim, Germany, 1988, p 227. (42) Kurimura, H.; Yamamoto, S.; Egawa, T.; Kuchitsu,JXMol. Struct.
(33) Hedberg, L.; Mills, I. M.J. Mol. Spectrosc1993 160, 117. 1986 140 79.
(34) Kuchitsu, K.; Oyanagi, KFaraday Discuss1977 62, 20. (43) Ohashi, N.; Kawaguchi, K.; Hirota, H. Mol. Spectroscl1984 103
(35) Kuchitsu, K.; Cyvin, S. J. IMolecular Structures and Vibrations 337.

Cyvin, S. J., Ed.; Elsevier: Amsterdam, 1972; Chapter 12. (44) Chu, F. Y.; Oka, TJ. Chem. Physl974 60, 4612.
(36) Nakata, M.; Kohata, K.; Fukuyama, T.; Kuchitsu,JXMol. Spectrosc. (45) Helms, D. A.; Gordy, WJ. Mol. Spectroscl977, 66, 206.

198Q 83, 105. (46) Kukolich, S. G.; Flygare, W. HChem. Phys. Lettl97Q 7, 43.
(37) Kuchitsu, K.J. Chem. Phys1968 49, 4456. (47) Oka, T.; Morino, Y.J. Mol. Spectrosc1962 8, 300.

(38) Kuchitsu, K.; Fukuyama, T.; Morino, YJ. Mol. Struct.1969 4, 41. (48) Nakata, M.; Kuchitsu, KBull. Chem. Soc. Jpri986 1446.
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of 30%. This gives a final accuracy of only 0.004 A for the
PH bond length. But, it is possible to check the results and to
improve their accuracy by a joint use al initio calculations.
Comparisons between the experimental and theoretical equi-
librium structures may be based on the CCSD(T)/cc-pVTZ
predictions which are available for all molecules of theg,RH
series (X= F, CI; n = 0—3), see Table 3. In principle, the
eq 2 is used to calculate thgbond length. This gives(PH) CCSD(T)/cc-pvQZ predictio_ns_should be more accurate (see
— 1.4116 A anda = 1.993 AL Tables 1 and 2), and the deviations from experiment are indeed
The results of the three methods are in excellent agreement,Siq[niﬁgagt][y reduce{j/_lf;rtthe b(i;gzlengthsbwhefn tthe bfazsi]:s is
they agree also very well with the, structure which was  EX{€ndeadirom cc-p o cc-p  €.9., by a factor of < for
calculated using thea’'s of PD; determined by infrared P_F In PHF and f(_)r P-Clin PH.ZCL On the Other hand, these
spectroscop? re(PH) = 1.4118(5) A. This agreement gives deviations are quite systematic for both ba5|_s_sets and may
us confidence in the accuracy of the structure of PH therefore be corrected equallylwell by emplrlcal off§éts.
Furthermore, the derived anharmonic constant is significantly Hengg, we use the more economic cc-'pVTZ basis to derive such
different from that of the diatomic radical PH. This is one of ©€MPpirical bond length corrections which aIIO\_/v_ us to cover all
the main causes limiting the accuracy of eq 2. For the PCl PHhXa-n molecules (see Table 3). No empirical corrections

bond, the isotopic change is 2 orders of magnitude smaller, so2'€ Needed for the bond angles since the CCSD(T)/cc-pVTZ
the accuracy o&(PCl) is much less important. and CCSD(T)/cc-pVQZ values are within 0.bf each other

In the fit, primary as well as secondary isotopic differences and also very close to the_experimental values. For instance
in bond lengths were taken into account, while isotopic the CC_SD(T) bond angles in F_g‘_Hnd P (93.5T and 97'56.’
differences in bond angles were neglected throughout. The '€SPECtively, see Table 3) are in very good agreement with the
estimated differences with respect to the normal species arecorresponding experimental values (93.45¢9)d 97.57(4) see

listed in Table A8 of the Supporting Information and the derived 12Pl€ 3). Hence, thab initio angles of PHF, PHCl, PCh,
r, structures in Table 3. The assignment of error limits to the @nd PHRare expected to be reliable, too. In fact, the different

average structural parameters is not straightforward. The final déterminations of the angles are in very good agreement with
results are affected by systematic errors due to the harmonic€ach other, so the accuracy of the angles is probably better than
corrections of the rotational constants and to the estimates of~:> *
the isotopic differences. Both contributions depend on the Likewise the equilibrium PH bond lengths in PHPHF,
quality of the force field. To calculate the errors, we have and PHCI that have been extrapolated from thevalue (with
assumed that the harmonic correction is known with an accuracy€d 2) are in excellent agreement with the CCSD(T)/cc-pVTZ
which is at best 1 MHz for the” andoc constants, and worse  Values corrected by a constant offset of 0.0071 A (fromy)PH
for the o constants (the used accuracies are listed in Table A7 Hence, the estimated uncertainty of 0.004 A fa(PH) is
of the Supporting Information). Furthermore, we have assumed Probably much too pessimistic, 0.002 A being probably a more
that eq 3 gives the isotopic shifts with an accuracy of 30%, realistic estimate. The two values quoted in Table 3 for the
which is a rather pessimistic estimate. We also tried a fit €quilibrium PF bond length in P4 differ by 0.003 A, which
neglecting the isotopic shifts. The structural parameters do notmay be attributed to the inaccuracy of the experimental value,
vary much, but the standard deviation of the fit is significantly but it would be desirable to check whether the correction
worse. r(ab initio) is constant. This requires the experimental deter-
In order to compare the structures of fand PHCI with mination of the equilibrium PF bond length in several molecules.
those of structurally similar molecules, we have also determined The experimental PCI bond length in B&1 is more accurate
the r, structure of PHF and PC4. We have used the same (because it was possible to determine the rotational constants
procedure as that for BA and PHCI. The ground state of the two isotopomers witB°Cl and37CI). It is much larger
rotational constants of PHFand PDFR, are taken from ref 7,  than in PC4 (2.039-2.043 A). To correct theb initio value
and the harmonic force field, from ref 50. The ground state for PHCI, it would be necessary to accurately determine the
rotational constants of3fCl; and P’Cl; are taken from ref 51,  experimental equilibrium value for the PCI bond length in at
and the force field from ref 52. In the latter case, it was not least one additional molecule.
possible to accurately determine both tié—Cl) distance and VI.c. Comparison with Fluoroamines. With increasing
the O(CIPCI) angle because these two parameters are highly substitution by fluorine the fluorophosphanes PH, reveal
correlated (the rotational constants are too similar). To solve decreasing PF and increasing PH bond lengths. Although the
that problem, we have fixed tHe(CIPCI) angle to itsaab initio related fluoroamines NF;_, exhibit analogous H/F substitution
value (Table 3); i.e., we have assumed thatrthengle and the effects®® their geometrical and spectroscopic properties are
ab initio angle are identical. This assumption seems to be ratherdifferent from those of the fluorophosphanes. While the sum
reasonable as discussed below. of the bond angles at P increases fromzRtIPF;, it decreases
VI.b. Comparison with ab Initio Results. Generally, the from NH; to NF.53
average bond angles are very close to the corresponding |jkewise the PF stretching force constants are inversely
equilibrium values. To calculate thgbond lengths, eq2was  related to the PF bond lengths. To the contrary the NF
used. To estimate the accuracy of thestructure, it was  stretching force constants decrease from,Nto NF; with
assumed that eq 2 allows us to calculate rewith an accuracy  concomitant shortening of the NF borfds.The behavior of
the PF bond parameters is in agreement with increasing P

following equation:

+
ranI-|+

- %}(n(PH)—rZ(PD» (5)

rezrz—l—{

This givesro(PH) = 1.4113 A.
(3) Finally,a may be estimated using eq 3 afid, and then

(49) Kijima, K.; Tanaka, TJ. Mol. Spectrosc1981 89, 62.
(50) Durig, J. R.; Zozolin, A. J.; Odom, J. D.; Streusand, B]. Raman

Spectrosc1979 8, 259.

(51) Kisliuk, P.; Townes, C. Hl. Chem. Physl956 18, 1109. Carpenter,
J. H.; Walters, A.; Rabbett, M. D.; Baker, J. G. Mol. Spectrosc.
1988 131, 77.

(52) Breidung, J.; Thiel, WJ. Comput. Cheml992 13, 165.

(53) Mack, H. G.; Christen, D.; Oberhammer, HMol. Struct.1988 190,
215.

(54) Kawashima, Y.; Cox, A. P]. Mol. Spectroscl1977, 65, 319.

(55) Breidung, J.; Beckers, H. Unpublished results.

(56) Small, C. E.; Smith, J. Gl. Mol. Spectroscl1978 73, 215.
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Table 9. Comparison of the Valence Force Constants (N/cm) of increase of the NH bond length. This behavior has been
the Halogenophosphanes Pt (X = F, Cl) attributed to a transition from attractive®H-N°~ interactions

PH; PHCI PHF PHChb PHR PR in NHz to repulsive forces M—N%* in NHF,,5% but the
f(PH) 317 3.06 3.00 3.02 >89 electrostatic model cannot be applied to the corresponding
f(PH,PH) 0.01 —0.005 —0.002 fluorophosphanes. The structures of the latter may be better
f(PH,PX) 0.02 0.08 0.01 0.12 explained on the basis of stereoelectran(i€)/o(PH) repulsion
f(PF) 4.67 499 549 which should supersede n(&(PH) hyperconjugative effects.
f(PF,PF) 0.32 047
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