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Rotational spectroscopy of H ;P---BrCl and the systematics of intermolecular
electron transfer in the series B ---BrCl, where B =CO, HCN, H,0, C,H,,
C,H4, H,S, NH3, and PH4

A. C. Legon,® J. M. A. Thumwood, and E. R. Waclawik
School of Chemistry, University of Exeter, Stocker Road, Exeter EX4 4QD, United Kingdom

(Received 24 March 2000; accepted 7 July 2000

Ground-state rotational spectra of the isotopomey® HBri°Cl, H,P- - -81Br35Cl, HaP---"*Br3’Cl,
HyP - 81Br37Cl, D4P---Bré°Cl, and DP --®Br*°Cl, of the phosphine—bromine monochloride
complex were observed by the pulsed-jet, Fourier-transform method, incorporating a mixing nozzle
to preclude reaction among the component gases. Each isotopomer exhibited a symmetric-top-type
spectrum which yielded accurate values of the spectroscopic con8gn®;, Dk, xaa(Br),
Xaa(Cl), M, (Br), andM, (Br) on analysis. Interpretations of the changes inBievalues with
isotopomer showed that the intermolecular bond involves P and Brr@i#h-Br)=2.8691) A and

that the BrCl bond increases in length .04 A on complex formation. Changes in the halogen
nuclear quadrupole coupling constants whegPHBrCl is formed lead, with the aid of the
Townes—Dailey model, to the conclusion that a fracté® 0.100(5) of an electron is transferred
from P to Br on complex formation, while the polarization of BrCl by ¢&n be viewed as the
transfer of 0.128(2¢ from Br to Cl, leading to a net change 6f0.028(5 in the population of the

4p, orbital of Br. The complex is only of moderate strength, with an intermolecular stretching force
constantk,=11.5Nni !, Values of 8, similarly determined, for the series- BBrCl, where
B=CO, HCN, HO, CH,, CH,, H,S, NH;, or PH;, are presented. It is shown that the variation

of &, with the ionization energyg of the Lewis base B can be described by an expres8isiA

X exp(—blg). This behavior is compared with that for the corresponding serie$@®. © 2000
American Institute of Physic§S0021-9606)0)01037-0

I. INTRODUCTION energyl g of B decreases along the series. In fact, values of

5, can be satisfactorily reproduc@d! by means of the ex-
The spectroscopy of complexes formed between halogepression

molecules and either rare gas atoms or Lewis base molecules

is an area of significant activitl.° The investigation of such si=Aexp(—blg), @)
complexes in the microwave region was pioneered by Klemynen the constants take the valuds=128.5 and b
perer and co-workers.® We have recently made a study of =0.734(eV) L.

several extended series of complexes-BY, where B is a This result for the series-BICl immediately poses sev-
Lewis base and XY is either a homo- or heteronuclear dieral questions about other series &Y that we have been
halogen molecule, with the aim of identifying some gener-investigating systematicallf?. For example, can the method
alizations about the interaction, and of understanding its defor determining boths; and 5; be applied successfully to
tailed nature. In particular, we have developed a meftfimd  other B--XY? When | in ICl is replaced by Br to give BrCl,
determining the extent of both the inter- and the intramolecuhow doesé; change for a given B? Doe§ in the series
lar electron transfer that accompanies formation of comB:--BrCl vary systematically withg and, in particular, does
plexes. The method involves an interpretation of the change&n expression of the type shown in K@) still describe the
in the X and Y halogen nuclear quadrupole coupling con-variation of 5; with 15?

stants of XY when it is incorporated into the complex and is A key member of the series-BICI in connection with
based on the Townes—Dailey mo8&When applied to the establishing the validity of Eq1) was that with &F_’Hg, for
series B--ICl, where B=Ar, N,, CO, HCN, HO, CH,, PH; has the lowest value ofg of all the Lewis bases

3 ; 11
C,H,, H,S, NH;, and PH, this approach leads to the frac- employed® and accordingly the Iargest value of.”" Al-
. though several members of the series-BrCl have already
tion §; of an electron transferred from the electron-donor

. . been investigated by means of their rotational spectra and
regionZ of B to |, as well as to the fractma‘g' of an electron 9 y P

. . thereby their Br and Cl nuclear quadrupole coupling con-
transferred from | to Cl. Some systematic behaviosoénd y 9 P Ping

cl ) h . i icular. | di stants are available for determining;, the complex
6y along the series was notedln particular, it was disCov-  y b...grC] is not among them. Accordingly, we report here

ered thats; increases exponentially as the first ionization e igentification of the rotational spectrum offM--BrCl,

as observed by the pulsed-jet Fourier-transform microwave
dElectronic mail: A. C. Legon@exeter.ac.uk technique modified to incorporate a fast-mixing nozzle. In-
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terpretation of the ground-state spectroscopic constants of sthe unique axis of the top. Of the sevedat 1—J, K—K
isotopomers of KP---BrCl provides information about not transitions possible for such a complex only those involving
only the angular and radial geometry of this complex butK =0 andK=1 had observable intensity. This observation is
also the values of; and 55'. The answers to several of the readily understood in terms of depopulation of states having
questions posed in the preceding paragraph thereby becorfe=2 and greater during the supersonic expansion through

available. collisional transfer, as moderated by propensity rules of the
type discussed elsewhefeMeasured frequencies of indi-
Il. EXPERIMENT vidual hyperfine components are recorded in Tables | and Il.

Ground-state rotational spectra of six isotopomers of the For each Isotopomer, the determinable spectroscopic
complex HP - BrCl were observed and measured by using aconstants. were obtamgd from observed frequenmes_ by a
pulsed-iet, Fourier-transform microwave spectrometer De_standard iterative, nonlmegr Ieast—square; anaIyS|_s using the
tails of thié spectrometer, which is based on the design.origi(—:or.mmtefr progransprt, wn_tte_n and supplied by P!ckezt?.

: ' ) A fit having a standard deviatiom of the same magnitude as
nally described by Balle and Flygal®, are available

elsewherd® BrCl was produced by mixing BriAldrich) and the estimated accuracy of frequency measurement was pos-

Cl, (Aldrich) in equimolar amounts in the gas phase in aS|bIe by constructing a Hamiltoniad having the form
stainless steel stagnation tank at room temperature. The equi- H=Hg—1/6Qg,:VEg,—1/6Qc¢|:VE¢/+ g M- J. (2)
librium constant for the reaction &lg)+Bry(Q)
=2BrClI(g) is KS’~5 at room temperatur®.Because phos-
phine reacts with each of the components of the haloge
mixture, it was not possible to premix RHBr,, and C} in
the stagnation tank in the usual way. Possible reactions we
precluded by using a fast-mixing nozZiewhich keeps the
phosphine and the halogen mixture separate until the point
which both gases expand into the evacuated FabrgtRav-

ity of the spectrometer.

In Eq. (2), Hg is the familiar energy operator for a semirigid,
Erolate symmetric-top molecule, the terms1/6Qy :VEy
escribe the coupling of the halogen nuclear spin angular
momentuml y to the framework rotational angular momen-
®im J through the interaction of the nuclear electric quadru-
pole momenQy of X with the electric field gradienV Ex at
@E, and the final term accounts for the magnetic coupling of
I, to J. The corresponding spin-rotation coupling term for

. ) ) Cl was found to be unnecessary for a satisfactory fit. For a
The CL/Br,/BrCl mixture was flowed continuously into symmetric-top molecule, only the componenis,.(X)

the cavity through the central glass capilldfy3 mm inter- = (eQ/h)#?Vy /9a? of the halogen nuclear quadrupole cou-
nal diameter of the mixing nozzle at a rate sufficient to give pling tensors andvl,(Br) and M,,(Br)=M (Br) of the

— 4 . aa cc
a bgckgrouncj pressure 6f2X 10 “mbar. A mixture con- g rotation coupling tensdvl g, are in principle determin-
sisting of ~2% of phosphine(B.O.C. Gases, 99.999%n 1\ from the observed transitions and, of thddgq(Br)

argon and held at a total pressure of 3 bar was pulsed dOV‘Was not well determined. In the case offH-"9Br3’Cl this
the outer of the two concentric, nearly coterminal tubes of

the mixina nozzle by means of & Series 9 Solenoid val quantity was preset to its value ingPi--"°Br®®Cl. The
ixin 7z s ries 9 s id valv ; _ _
(Parker—nglmnifir)] 0 e);atin at a rate of 3 Hz. Com Iexes%Oupled symmetric-rotor baslg, + J=Fy, Fy+lg=F was
P 'g ) P chosen to construct the matrix 6f in view of the relative
H,P- - -BrCl formed at the interface of the two gas flows were

_ _ _ : magnitude | x2a(Br)|>|xaa(Cl)| of the halogen nuclear
polarized with 1.2us microwave pulses and the ensuing freequadrupole coupling constants.

induction decay at rotational transition frequencies was de- Values of the determined spectroscopic constants for
tected and processed as described elsewferedividual each of the six isotopomers ofPi--BrCl from the final

nuclgar quadrupole compqnents had a full wich at halfcycIe of the least-squares fit are recorded in Table Ill. The
maximum of ~20 kHz, which allowed frequencies to be

" corresponding frequency residualsy = vy v are in-
measured to within 2 kHz. p _ _ cluded in Tables I and II. It should be noted thais in each
ds-Phosphine was preparecby the action of a dilute 56 jess than, or of comparable magnitude to, the estimated
solution of DCI in DO on calcium phosphidéSigma-

) ) : : accuracy(2 kHz) of frequency measurement.
Aldrich) in vacuum. The solution of DCI in fD was ob-
tained by diluting a concentrated DCHO solution(Aldrich,
37% by weight DCJ with D,O (Apollo Scientific Ltd in the
volume ratio of 1:3.

B. Inter- and intramolecular electron transfer on
formation of H ;P---BrCl

The Townes—Dailey mod&! for interpreting nuclear
Il. RESULTS quadrupole coupling constants offers a simple and direct
means of estimating the changes in the electronic popula-
tions associated with the X and Y nuclei in the dihalogen
molecule XY when a complex-B-XY is formed. In view of
Each of the isotopomersgh - -"*Br°Cl, HyP-- 81Br*®Cl,  the definitions xS(X)=(eQh)d?Vy/9z> and x5[Y)
HaP-7Br3Cl,  HaP--8Bré¥’Cl, DgP-"Br®®Cl, and =(eQh)d?Vy/dz? of the equilibrium nuclear quadrupole
DsP--#1Br¥Cl of the phosphine/bromine monochloride coupling constants along the XY internuclear agjsit is
complex exhibited a rotational spectrum characteristic of thelear thatys(X) and x;(Y) of the complex B--XY provide
ground state of a symmetric-top molecule. Moreover, eacta direct measurement of the electric field gradie(@f9
J+1+J transition consisted of an extensive hyperfine struc-alongz The values ofys(X) and x;Y) will in general be
ture that confirmed the presence of the nuclei Br and CI orifferent from the corresponding zero-point valugg(X)

A. Observed spectra and determination of
spectroscopic constants
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TABLE |. Observed and calculated rotational transition frequeAa@é&si;P - -"*BreCl, HgP- - #Br3Cl, D4P---"*Br¥°Cl, and DP - -¥Br¥°Cl.

HaP - -7°Br5Cl HP- - 81Br35Cl D4P---°Br¥Cl D4P- - 81Br¥5Cl
Vobs Av Vobs Ay Vobs Av Vobs Av

J' — K 2F; 2F" < 2F] 2F” (MHz) (kHz) (MHz) (kHz) (MHz) (kHz) (MHz) (kHz)

4 — 3 0 11 13« 9 11 8800.5822 0.5 8800.7152 0.12 8179.5297 2.6 8178.9894 1.9
0 11 11 9 9 8799.8605 —1.6 8178.8139 0.3 8178.2817 0.9
0 11 9 9 7 8798.9777 1.3 8799.1221 0.8 8177.9313-2.2 8177.4020 —2.0
0 11 7 9 5 8799.8377 1.3 8800.0017—-1.0 8178.2799 4.5
0 9 11 7 9 8801.0612 1.2 8801.2598 0.2 8179.9815-0.9 8179.5076 —6.5
0 9 9 — 7 7 8798.2185 0.6 8798.4607 2.0 8177.1609 0.5 8176.7322 .0
0 9 7 7 5 8797.6282 0.7 8797.7874 0.4 8176.5774 2.0 8176.06670.6
0 9 5 < 7 3 8800.6183 —4.6 8800.7962 1.1
0 7 9 — 5 7 8825.6400 0.7 8822.0392 0.1 8204.4410-1.6 8200.2078 —0.6
0 7 7 — 5 5 8821.1429 -0.6 8817.6205 1.1 8199.9640 —-0.2 8195.8111 1.8
0 7 5 — 5 3 8821.2833 —-0.2 8817.7532 0.1 8200.1131 0.5 e e
0 7 3~ 5 1 8825.6798 3.7 8822.0681-0.9 e e
0 5 77— 3 5 8827.1693 —0.7 8823.2634 0.5 8206.0593 -1.2
0 5 5 < 3 3 8823.2340 -2.5 8819.3610 —0.8
0 5 3~ 3 1 8819.5380 —0.8 8815.6364 —1.1
1 11 13 9 11 8794.9893 —-1.0 8796.1014 1.5 8173.8937 1.1 8174.3268
1 11 11 9 9 8792.4780 —-1.3 8793.5812 0.3 8171.4035-0.2 8171.8301 1.8
1 11 9 9 7 8792.3233 0.0 8793.4345 0.9 8171.2490 0.3 8171.6827 1.3
1 11 7 9 5 8794.8901 -0.3 8796.0215 —-2.4 8173.7900 —1.2 8174.2444 —-1.7
1 9 11 « 7 9 8816.2848 —0.1 8195.0942 2.2 8192.2770 —0.7
1 9 9 7 7 8812.3325 0.2 8810.2545 3.7 8191.1512-0.7 8188.4238 2.2
1 9 7 7 5 8812.4605 —-0.4 8810.2889 —1.7 8191.2868 —0.6 8188.4645 —4.0
1 9 5 — 7 3 8816.6658 —1.4 8814.4732 —1.2
1 7 9 5 7 8828.0068 —1.2 8823.8543 —2.0 8206.8257 0.8 8202.0187 —0.7
1 7 7 — 5 5 8823.2883 —3.1 8819.2036 1.2 8202.1395 1.6 8197.3952 0.6
1 7 5 < 5 3 8823.8548 6.0 8819.7504-0.2
1 7 3~ 5 1 8828.6998 —0.2 8824.5740 —0.9
1 5 7 3 5 8805.0352 0.7 8804.9514-2.2 8183.7501 -3.1 8183.0503 0.7
1 5 5 < 3 3 8800.6624 0.4

5 — 4 0 13 15  « 11 13 11003.7297 —0.6 11003.3582 —-0.4 10227.4075 —0.5 10226.2030 2.2
0 13 13« 11 11  11003.3137 —2.7 11002.9512 1.6 10 226.9978 0.3 10225.79361.9
0 13 11 11 9 11002.6165 0.2 11002.2455-1.7 10 226.3024 0.7 10225.0920-5.0
0 13 9 11 7 11003.1222 0.3 11002.7675 0.6 10226.80161.6 10225.6118 0.0
0 11 13« 9 11 11 004.0026 0.7 11003.6677—-0.4 10 227.6682 1.6 10226.5045 4.5
0 11 11 9 9 11002.4955 0.7 11002.1992 1.6 10 225.0408 1.9
0 11 9 9 7 11001.8208 0.1 11001.4677 0.5 10225.49951.8 10224.3157 0.6
0 11 7~ 9 5 . 11 002.9805 —-1.6
0 9 11 7 9 11018.5786 0.4 11015.9795-0.4 10242.1753 0.9 10238.7638 11
0 9 9 — 7 7 11016.3570 0.1 11013.7995-0.4 10 239.9648 0.8 10236.5922-1.2
0 9 7~ 7 5 11015.8537 3.3 11013.3160 0.9 10239.4628 0.0 10236.1132.0
0 9 5 — 7 3 11017.8637 0.0
0 7 9 5 7 11019.1943 0.1 11016.4903-1.9 10242.8250 —0.5 10239.2979 0.1
0 7 7 — 5 5 11017.5390 0.7 11014.8390-1.6 10241.1790 2.1 10237.6535-0.8
0 7 5 — 5 3 11015.3853 —1.5 11012.6938 —0.4 10239.0415 —1.7 10235.5261 1.1
0 7 3 — 5 1 11016.9153 —-0.3 11014.1940 -0.1
1 13 15  « 11 13 11 000.5284 0.6 11000.7067—0.8 10224.1425 —0.4 10223.4860 1.2
1 13 13« 11 11  10999.1616 —0.4 10999.3405 —0.3 10222.7878 —0.8 10222.1258 —-3.5
1 13 11 11 9 10998.7924 —0.4 10998.9705 —1.2 10222.4207 —-0.5 10221.7619 —-0.1
1 13 9 11 7 11000.2148 —1.2 11000.4092 0.0 10223.8303—-1.0 10223.1872 0.5
1 11 13« 9 11 11011.2900 0.3 11009.8249 1.1 10 234.8582 1.2 102325677 0.6
1 11 11 9 9 11009.0610 —0.6 11007.6494 1.2 10 232.6407 1.2 10230.400+1.1
1 11 9 9 7 11008.7186 2.3 11007.2427 0.3 10 232.3002 1.2 e
1 11 7 — 9 5 11011.0185 —-1.0 11009.5326 —0.4 10 234.5902 0.2 s
1 9 11 7 9 11021.0750 —0.2 11018.0017 1.2 10244.6280—-2.5 10240.7371 1.9
1 9 9 — 7 7 11018.3640 —1.4 11015.3372 0.8 10 241.9368 0.5 10238.0871 0.8
1 9 7 — 7 5 11018.1657 —0.4 11015.1512 0.0 10241.7363—3.1 10237.9038 0.7
1 9 5 — 7 3  11020.7925 —-0.7 11017.7412 -0.1 e
1 7 9 — 5 7 11009.7599 0.8 11008.6836 2.5 10 233.2843 4.2 10231.3963.6
1 7 7~ 5 5 11007.4932 —0.8 11006.4025 —0.5 10231.0350 -0.1
1 7 5 — 5 3 11005.9758 —0.4 11004.9004 0.3 10229.5247-0.3
1 7 3 — 5 1 11008.1429 1.8 11007.0597-0.3

a — —
A V= Vobs™ Vealc-
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TABLE II. Observed and calculated rotational transition freque@ésisP- - -"°Br¥’Cl and HP- - #1Br¥’Cl.

HaP--"Br’Cl

HP- - -81Bré7Cl

Vobs Av Vobs Av
J’ — J’ K 2F; 2F" «— 2F] 2F" (MHz) (kHz) (MHz) (kHz)
4 — 3 0 11 13« 9 11 8596.9059 —1.6 8597.3829 0.0
0 11 11— 9 9 8596.3292 —-2.4 8596.8075 —3.6
0 11 9 9 7 8595.6336 —1.2 8596.1149 —-1.6
0 11 7 — 9 5 8596.2970 0.4
0 9 11 7 9 8597.2336 0.6 8597.7791 -0.5
0 9 9 7 7 8595.5289 0.7
0 9 7 7 5 8594.5595 —0.8
0 9 5 7 3 .. .. ... ...
0 7 9 5 7 8621.6937 2.9 8618.4716 0.4
0 7 7 — 5 5 e .. e e
0 7 5 < 5 3
0 7 3« 5 1
0 5 7 — 3 5
0 5 5 < 3 3
0 5 3 - 3 1 o .. .. ...
1 11 13— 9 11 8591.1961 2.9 8592.6459 2.4
1 11 11— 9 9 . 8590.6544 -0.2
1 11 9 9 7 8590.5391 1.9
1 11 7~ 9 5
1 9 5 < 7 9 8610.5524 0.5
1 9 9 7 7
1 9 7 — 7 5
1 9 5 < 7 3
1 7 9 « 5 7
1 7 7 5 5
1 7 5 « 5 3
1 7 3 5 1
1 5 7 3 5
1 5 5 {_ 3 3 o o .. ...
5 — 4 0 13 15 11 13  10749.2146 0.2 10749.2771 2.7
0 13 13— 11 11 10748.8822 —1.1 10748.9452 -0.5
0 13 11— 11 9 10748.3364 1.7 10748.3979 2.1
0 13 9 <~ 11 7 10748.7222 —-0.9 10748.7929 0.1
0 11 13— 9 11 10749.3977 —1.8 10749.4997 0.1
0 11 11~ 9 9 10748.1888 —0.7 10748.3056 2.3
0 11 9 9 7 10747.6977 1.6 10747.7833-1.0
0 11 7 9 5 o .. o ..
0 9 11« 7 9 10763.9049 —-0.0 10761.7662 —1.1
0 9 9 7 7 10762.1352 -0.2 10760.0164 —0.3
0 9 7 7 5 10761.7113 -1.9
0 9 5 « 7 3 10763.3409 0.4 e e
0 7 9 « 5 7 10764.4806 0.2 10762.2072—-0.2
0 7 7 — 5 5 10763.1770 —1.1 10760.9095 —0.6
0 7 5 < 5 3 10761.4784 6.2
0 7 3 5 1 .. . ... ...
1 13 15 11 13  10745.9467 0.7 10746.5570 15
1 13 13~ 11 11  10744.8665 0.2 10745.4739-0.7
1 13 11 11 9 10744.5794 25 10745.1833-2.1
1 13 9 11 7  10745.6935 1.7 10746.3056—4.3
1 11 13— 9 11  10756.6265 —0.7 e e
1 11 11~ 9 9 10754.8422 0.2 10753.8425 2.9
1 11 9 <~ 9 7 10754.6122 2.4 10753.5785 0.5
1 11 7 — 9 5 10756.4278 —-2.6 10755.3863 —2.4
1 9 11 7 3 10766.4029 1.9 10763.7882 12
1 9 9 7 7 10764.2370 —-2.3 10761.6467 —0.1
1 9 7 7 5 10764.0675 -0.6
1 9 5 — 7 3 10766.1640 —-3.4
1 7 9 5 7 10755.0179 15 10754.3739 0.6
1 7 7~ 5 5 10753.2325 —1.8 10752.5810 —0.9
1 7 5 < 5 3 10752.0270 -2.0
1 7 3 5 1

a — —
A V= Vopbs~ Veale-

5281



5282 J. Chem. Phys., Vol. 113, No. 13, 1 October 2000

Legon, Thumwood, and Waclawik

TABLE Ill. Determined ground-state spectroscopic constant of six isotopomers of the conystexBCl

Isotopomer

Property HaP---"9Br¥Cl HP- - 81Bri5Cl HyP--7°Bré’Cl HyP- - 81Br37Cl D4P---7*BréCl D4P--818r%5Cl
B, (MHz) 1100.78942) 1100.68492) 1075.34543) 1075.28373) 1023.15172) 1022.96412)
D, (kHz) 0.5843) 0.5843) 0.5546) 0.5446) 0.5134) 0.511(4)
D ;¢ (kHz) 11.516) 11.486) 11.1%7) 11.038) 18.517) 18.337)
Xaa (BN(MHz) 881.553) 736.463) 881.576) 736.516) 881.134) 736.184)
Xaa (C)(MHZ) —86.98814) —87.00215) —68.593) —68.593) —86.372) —86.392)
M a4 (Br)(kHz) 288) 5(8) 28 24(15) 17(9) 18(10)
My, (Br)(kHz) 3.54) 3.1(3) 3.2(5) 3.4(6) 3.2(5) 3.35)
o (kHz)P 1.5 1.4 1.7 1.7 1.5 2.1
N° 60 57 37 32 46 42

aAssumed unchanged fromgPt - -"°Br¥°Cl.
bStandard deviation of the fit.
‘Number of transitions included in the fit.

and xo(Y), respectively, of the free molecule XY because fication 8y = 8,= &,— 5&', since the net increase op4elec-
the electric charge distribution of XY is perturbed by B andtron at Br results from a gaif; and a Iossag'. To obtains;

this changes the efgs.

and 55' from Eqgs. (7) and (8) requires a value for

If 6x and &y are the net increases in the number °f<P2(cos,8))*1 and this must be estimated.

valence shellp, electrons of X and Y, respectively, the
Townes—Dailey model leads to the following relations:

Xz 4X)=xo(X) = Sxxa(X), )

x5 AY)=xo(Y) = Sy xa(Y), 4
where xa(X) and yA(Y) are the nuclear quadrupole cou-

It turns out thatB,,= cos Y(cog B)Y'2 for B---BrCl com-
plexes is generally small, no doubt because of the relatively
large reduced mass for the oscillation. Accordingly,
(P,(cosp)) is close to unity. An upper limit toB,, for
B---BrCl complexes may be estimated as follows. The most
weakly bound member of the-BBrCI series so far investi-

pling constants of the free atoms X and Y, respectively. Thgyated by rotational spectroscopy is O®rCl, at least when

equilibrium quantitiesys(X) and x5(Y) are related to the
zero-point observableg,,(X) and x.,(Y) in reasonable ap-
proximation by

Xaa(X) = x5 X)(P,(cosp))
and
Xaa(Y)=x2AY)(P,(cosp)), (6)

wherep is the angle between the XY internuclear axiand
the a-axis of the complex and the average Bf(cosp) is

©)

the intermolecular stretching force constdq (see Sec.
IIIE) is used as a measure of binding strerfti. we as-
sume thats;~0.0 for the OC--"*Br®>Cl isotopomer of this
complex, Egs.(7) and (8) may be solved to givesS'
=0.0250 andB,,=6.79°, when the known valu&s of
xa(Br), xa(Cl), xo(Br), andx(Cl) given in Table IV are
employed. Given thak,=11.5Nm ! for HsP--BrCl is

~ twice as large ak,=6.3Nm ! for OC --BrCl, we expect
Bay for HsP---BrCl to be smaller than for the CO analog on

taken over the zero-point motion of XY. The approximationthe grounds that as the complex becomes more strongly

made in writing Eqs(5) and(6) as exact equalities is that the
zero-point coupling constantg,,(X) and x,(Y) are unaf-
fected by the oscillation of the B subunit. Equatidi33 to

bound, the angular oscillation of the BrCl subunit will be
attenuated. We shall assungg,=6.0(5)° for HP---BrCl
and hence(P,(cosB))=0.9836(28), with the expectation

(6) can then be combined to give the following expressionsthat the actual values will lie somewhere in the ranges as-

for 6y and oy :
5x={xO(X>/xA<X>}—{xaa<><>/xA<><>}<Pz<cosﬁ>>‘(17)

and
=XV}~ eV x(VKPo(cosp)

In the case of KP---BrCl, 8y is the increase in the popula-
tion of the 3o, orbital of Cl as a result of electrons pushed
from Br to Cl by H;P when the complex is formed. To rec-
ognize that in the case of R - -BrCl this quantity therefore

sumed.
The values ofs; and 5' obtained from Eqs(7) and (8)

under the assumption ¢@,,=6.0(5)° aregiven in Table V

for each of the six isotopomers investigated. The range of
each of the quantities is that arising from the assumed error
in B, and is only 5% of the magnitude even in the case of
6;, which is the least well determined of the tvdoparam-
eters. We note that the intermolecular electron transfer in
HsP---BrCl is substantial and corresponds to about 0.1 of an
electron from P to Br. We shall discuss ha@yvaries along

originates in a polarization of BrCl, and is an increase inthe series B-BrCl, where B=CO, GH,, H,0, GHj, HS,

: o ; _
electron population at Cl, it is written a& = o, . If a frac-

NH3, and PH, in Sec. IV. In particular, we shall consider a

tion &, of an electron undergoes intermolecular transfer froncomparison of §; between the two series-BBrCl and

P of PH; to the 4p, orbital of Br, we may make the identi-

B--ICI.
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TABLE IV. Properties of PH and BrCl used in the determination éf, 5§', rem, F(P--Br) andk, of the
H3P---BrCl complex.

Geometry
Xo (Br) or xo(Chor -
Molecule B, (MHz) Co (MHz) Xa (BD(MHz)  xA (CH(MHz) r(A) vy (deg

PH," 133480.116{L7) 117 489.437&77) e 1.4200 93.345
PD;° 69 471.14823) 58 973.96(656) “e 1.4176  93.360
9Br35Cd 4559.38271) 4559.38271) 875.3091) —102.45@2) 2.13877 .-

(4383.7 (4383.7
81gr35c|d 4 524.85981) 4 524.85981) 731.2231) —102.4512) 2.13876

(4350.5 (4350.5
Br3c|d 4388.91091) 4388.91091) 875.3041) —80.74@2) 2.13871

(4219.6 (4219.6
s1g37cyd 4 354.38561) 4 354.38561) 731.2191) —80.74@2) 2.13870

(4186.4 (4186.4
Atomic "Br® e e 769.76
Atomic 8'Br® “e “e 643.03 S
Atomic *°Cl® S S . —109.74
Atomic 3'CI® S “e S —86.51

g ,-geometries determined by fitting principal moments of inertia. Errors arising from rotational constants are
not significant relative to number of digits quoted.

PReference 27.

‘Reference 28.

YReference 23. Values in parentheses are rotational constants appropriate to BrCl at the Br—Cl bond length as
it exists in the complex2.181 A—see text

*Reference 22.

C. Lengthening of the BrCl bond on formation of inertial,, that accompanies isotopic substitution of an atom
HgP---BrCl on the symmetry axis of a symmetric-top molecule. When
Given that there is significant inter- and intramolecularzero-point moments of inertia are used in [£9), the quan-
electron transfer when 4R --BrCl is formed from its com- tity a; is by definition arr ccoordinate?* If HsP---"°Br®*Cl is
ponents, as indicated by the valuessptind 65' determined ~ chosen as the parent molecule, substitution$®f and*’Cl
in Sec. 11 B, it is likely that the BrCl bond will lengthen and lead to the coordinates|ag|=0.1484)A and |ac)|
weaken for the same reason. In fact, theversion of the =2.348@1)A of Br and Cl referred to the principal axis
BrCl internuclear distance can be established in the complegystem of the parent. Hg, andac, are assumed to have the
H4P---BrCl and compared with the free molecule value. same sign, the distance between these atoms in the zero-

The a-coordinates of the Br and Cl atoms are given by point state of the complex is 2.200 A. To allow for the an-
2 gular oscillation of the BrCI subunit in the complex, we rec-
ai:AIb//“l’Si (9)

ognize that
where us=AmM/(M+Am) is the reduced mass for the
substitution and\ 1}, is the change in the principal moment of r4Br-Ch~{|ac| - |ag{}/cospBay. (10
Use of B,,=6.0(5)° givesr (Br—Cl)=2.2126) A, which is
longer by 6r=0.075A than the corresponding quantity
2.137 38 A in free BrCl. The choice of opposite signs dgf
andac, leads to the physically unreasonable lengthening of

TABLE V. Some properties of the complexsPi - -BrCl determined by ro-
tational spectroscopy.

Property 0.372 A.
lsotopomer 3¢ 0 R r(P-BNA) Kk, (Nm e The valug ofsr=0.075A is likely tp be an upper limit
— to this quantity because small-coordinates, such aag,
HsP-“BrCl 0.1015) 0.1282) 3.60715)  2.86925)  11.567) determined via Eq9), are known to be underestimates. This

HyP - #1Br¥Cl 0.1005) 0.1282) 3.59535) 2.86925) 11.627)

H,P---7°Br¥’Cl 0.1005) 0.1272) 3.63365) 2.86975)  11.3713 arises because of the well-known shrinkage of bonds mvoly-
H.P-#1Br7CI 0.1005) 0.1272) 3.62185) 2.86975)  11.6513) ing an atom near to the center of mass when that atom is
DsP--"*Br¥Cl 0.1065) 0.1312) 3.64845) 2.853715)  11.4§9) substituted by an isotope of larger m&3sThus, Cox and
DsP--*Br**Cl 0.1065) 0.1332) 3.63745) 2.85415  11.539) Riverog® showed that the imaginary value af, in H*NO;

: : obtained from!®N substitution could be made sensible by

*Fraction of an electron transferred from PHo Br on formation of . . 5

HgP- - BICl. assuming that the three N—O bonds shrink by ° A on
bFraction of an electron transferred from Br to Cl on formation of 1°N substitution. It is of interest to recalculatag, in

HsP---BrCl. See text for discussion of this interpretation of the polarization HyP- - 19B8r35C| by assuming that the- PBr and Br—Cl| bonds
of Brcl. . shrink by 510 ° and 1x10 ° A, respectively wherl°Br

Determined by using Eq11). . ; 1 . .
dDetermined fronr ., with the aid of Eq.(12). See text and Table IV for 1S SUb_SUtUted b)_ﬁ Br. The shrinkage assum%d f305r Br-Cl is

discussion of ', 17" and1”™ values employed the difference inry(Br—Cl) between free™Br*>Cl and

' ' c .

*Determined fromD, by using Eq.(13). 81Br35Cl (see Table IV, while that for P--Br is a reasonable
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FIG. 1. Definition of the distance,, and the angle® and ¢ used in the
discussion of the geometry of;R - -BrCl.

value for a weak bond. The procedure to allow for shrinkage

in HyP---"Br35Cl that accompanie$'Br substitution is then
as follows.

First, I, for HgP---"°Br3®Cl was fitted to giver (P---Br)
under the assumption of unchanged monomer geometri
(see Table 1V.232":28Thjs value ofr (P---Br) was then used
to estimatd , for HzP- - ®'Br3°Cl. The P--Br and Br—Cl dis-
tances were next shrunk by<sL0~° and 1x 10 ° A, respec-
tively and I}, of HsP---81Br*®Cl was recalculated. Then the
correction AIL"=|/—1, was added to I2® for
HsP - 81Br¥°Cl to correct for bond shrinkage. The corrected
19°S used in Eq.(9) led to a corrected coordinatiag,|
=0.1674)A. Accordingly, Eq. (10) gives r(Br—Cl)
=2.181(6) A after correction for shrinkage effects and corre-
sponds to a lengtheningr =0.044(6) A on formation of
HsP--BrCl. The same treatment applied eardferto
OC - -BrCl gives 6r =0.020 A. Thus the more weakly bound
OC -BrCl (k,=6.3Nm 1) has a smaller lengtheningy of
the BrCl bond than kP---BrCl (k,=11.5Nm1), which
seems physically reasonable.

D. The distance r(P---Br) in H;P---BrCl

Legon, Thumwood, and Waclawik

Ig/eV

FIG. 2. Variation of the fraction of an electraf transferred from the donor

éa§0m of B to Br on formation of complexes- BBrCl with the ionization

energyl g of the Lewis base Rsolid circles. The open squares indicate the
values of §; for the series B-ICIl. The lines drawn through the points are
5;=Aexp(-blg), with A=327.5 andb=0.870 (eV) ! for the B--BrCl
series andA=128.5 ando=0.734 (eV) ! for the B --ICl series.

10~ (I pp) = pr 2+ 121 5(1+ cod 6) + 1/21 7 (sir? 6)

+1/28% 1+ cog @), (12)
where u=mPmB ) (mPH+ mP'®) and the angular brack-
ets indicate the average over the zero-point motion. The
quantitiesl "8, 17", andIE" are strictly the principal mo-
ments of inertia of the subunits appropriate to their geom-
etries within the complex, although often unchanged mono-
mer geometries are assumed. In the present case, the value of
12! for BrCl as it exists within the complex is available
becausea (BrCl) has been determingdee Sec. IlI¢ The

P P -
The ground-state rotational spectra attributed to the isovalues ofl,"® and ;"™ appropriate to the geometry of BH

topomers HP---"°Br¥Cl, H,P---8BréCl, HzP--"°Bri’Cl,
HgP- - 81Br3Cl, D4P---"°Br3°Cl, and DyP- - #1Br3°Cl are all of

when bound in the complex are not known but fortunately
rm determined via Eq(11) is insensitive to changes in the

the symmetric-top type. There are four possible arrangeP—H distance,R, and the HPH angle,y, of PH;.

ments of the subunits which lead to a complexGaf, sym-
metry, namely HP---BrCl, PHs--BrCl, HsP--CIBr, and

Thus (@rem/dR),=—2.85<10"2 and (@ ¢n/dy)r=1.85
x 10 *Adeg . Accordingly, the moments of inertia of

PH, --CIBr. The third and fourth of these can be ruled out byPH; were taken as unchangéd® by complex formation

the relative magnitudes of thrg-coordinatesag, andac, es-

(available from Table Y. The error thereby introduced into

tablished in the preceding section. Of the remaining two postcm IS likely to be negligible unless large changes in the; PH

sibilities, only H;P---BrCl is consistent with the magnitude
of the changes in the rotational constaBtson isotopic sub-
stitution of H; by Ds.

Given the established order of the nuclefH -BrCl and
Cs, symmetry, the distance(P---Br) between the atoms

geometry occur.

Values of r., determined for each isotopomer of
HsP---BrCl by applying Eq.(11) are listed in Table V.
The angles 6,,=cos Ycog #)Y?=15(10)° and ¢,
=cos Ycog $)?=6.0(5)° were employed. It can be

directly involved in the weak interaction can be establishegshowr®® that <_CO§ ,_8)={0032 ¢) and the choice off,,
as follows. We assume the contribution of the intermolecular=6.0(5)° wasjustified in Sec. IlIC. The value of ¢y, is
bending modes to the zero-point motion of the complex carnsensitive to the choice of the anglg, because Pklis not

be modeled by allowing the RHand BrCl subunits to ex-
ecute angular oscillationgand ¢, respectively, as defined in

far from the spherical top limit. An assumed randg,
=15(10)°, which we confidently expect to include the actual

Fig. 1. The motion of each subunit is pivoted at its massvalue, leads to a range of ontg8x 10 *A in ry,. Also
center and the appropriate angle is that made by the symmécluded in Table V is the distanagP: - -Br) for each isoto-

try axis of the subunitC5 for PHy; C,. for BrCl) with the

line r¢y, joining the two mass centers. If the intermolecular

stretching motion is ignored, it can be shdWthat

pomer, as determined from,,, by means of

r(P--Br)y=rem—r—r’, (12
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wherer andr’ are the distances of the P and Br atoms fromrelatively small lengthening of the BrCl bond on formation
the PH, and BrCl centers of mass, respectively. Values of of the complex. By contrast, interpretations of the Br and ClI
andr’ appropriate to unperturbed Rlisotopomers and BrCl nuclear quadrupole coupling constants, based on a simple
at its geometry in the complex are available from the geomversion of the Townes—Dailey model, reveal that not only is
etries included in Table IV. there a significant intramolecular electronic transfer from Br
We note from Table V that(P---Br) is significantly to Cl on complex formatiofi.e., 5%'=0.128(2)] but there is
shorter for QP --BrCl isotopomers than for §#---BrCl iso-  also a substantial intermolecular transfer. Indeed, it was
topomers. A similar effect has been observed in the comshown that a fractiod,=0.10(1) of an electron moves from
plexes HP--ICI** and HP- - -HCI.3! A possible source of the P to Br.
effect is the increased electric dipole monfémtf PD; rela- One might expect that a large extent of electron transfer
tive to PH; and therefore an increased interaction strength irwould imply a stronger intermolecular bond but evidently
DsP---BrCl isotopomers, as discussed elsewHend/e also  this is not the case for the pair of isostructural complexes
note that boths; and 8:):' (see Table Y appear larger in the H,P---BrCl and HN- - -BrCl. For example, application of the
D5P- - -BrCl species, indicating an enhanced interaction. analysis of the halogen nuclear quadrupole coupling con-
P---BrCl stants described in Sec. IlIB give$;=0.064(5) for
* HsN---BrCl,*® but this complex is much more strongly
We can gauge the strength of the intermolecular bindingyound than HP---BrCl, the k, values being 26(B) and

in HzP--BrCl from the magnitude of the intermolecular 11 71) N m~%, respectively. What is it that controls the mag-
stretching force constakt,, which in the approximation that pjtyde of 5,2

terms higher than quadratic in the force field of the complex  The extent of intermolecular electron transfin com-
are negligible gives the restoring force for unit infinitesimal pjexes B--ICI has been showf to correlate with the appro-
displacement along th€; axis.k, is inversely related to the  jate jonization energyg of the Lewis base B. In this con-
centrifugal distortion constarid; in the quadratic approxi- text the word “appropriate” implies thalg refers to
mation by the expressidh removal of an electron from the orbitédonbondingo-type
k,=(16m2B3u/D;){1—(Bo/BP") — (Bo /BB, (13  or m-type) directly involved in the intermolecular interaction.

o Brc ) In fact, for a series of ten complexes-BCl, the variation
where By, B™3, and B are rotational constants of the ¢ 8, with I is well described by the expressiof=A

complex, the Phl subunit, and the BrCl subunit, respec- oy pl.}, as discussed in Sec. I. It is of interest to ex-
tively, and u has been defined in Sec. IlID. Valueskf  amine whether similar behavior is also manifest in the
estimated by means of E(L3) for the various isotopomers g...5rc| series.

of HyP---BrCl investigated are included in Table V. Thy The Br and Cl nuclear quadrupole coupling constants

andB, values were taken from Table Il whilg™" appro- Xaa(Br) and x,,(Cl) are now available for eight complexes
priate to the free PEimolecule, as given in Table IV, was g...g.c] namely those having 8CO/ HCN3® H,0,%
employed. In view of_ the Iength%?gd BrCl bond within the C,H,,% C,H,, 3 H,S,2 NHs, % or PH,. Hence, values of,
complex established in Sec. lll BF™' for the free molecule

E. Strength of the intermolecular bond in H

: X . ; for these complexes can be estimated by using the procedure
was considered inappropriate and the value of this constan ot in Sec. 111 B. The results are shown in Fig. 2, in which

calculated for the bond length=2.181(2) A of BrCl when 5, is plotted againstg, as obtained from Refs. 13 and 40. In
within the complex was taken instead. In fact, use of the freg, 1, case. we used the anglg,~6.0(5)° for reasons set
molecule value 0B*“! would lead to only small changes in out in deta’il in Sec. Il B. Although Ar--BrCI is not among
the estimated, values compared with the errors that arise,[he complexes so. far .investigated we have assuied

U\(/)m thosfe mD_JI_ agld i}/sﬁirayc slhorthm|ng§ of”thg quel. = 0.0 and therefore taken this complex as the reference point.
e note from Table V thak, Is almost isotopically invari- The error bars on th&; values given in Fig. 2 are those

la_\nrt] Wltmntexperlrg_entzatl etrr:pr. 'I'_?e_ma%!t.lédglk)_,f est?b- generated by the assumed rangg@jp. The solid line is the
ishes that, according to this criterion rClisnota . o s5=Aexp—blg}, where A=327.5 and b

strongly bound complex and that it is comparable in binding_ 1 . ' :

X =0.870(eV) *, which has been fitted to the points by the
strength with GHy --BrCl,** and HCN--BrCl,*® for ex- Ieast-sqL(JareTs m\évthlod ! pol y
ample. On the other hand, the intermolecular electron trans- 1, correspondiné curve for ten complexes &, es-

fCerH f‘ii”é:lal-;f;-}-_'Béﬁl..ésrcfl(%ren;lcsag(t:lngreater than in - plished earliet? is also displayed in Fig. 2. We note that
24 e some points, particularly those forN- --BrCl and the CO/
HCN pair in both B--BrCl and B--ICl, deviate from the
IV. DISCUSSION curve fitted to Eq(1). This probably arises from the limita-
tions of the Townes—Dailey model when applied in this con-
This investigation of the ground-state rotational spectraext. Nevertheless, we can discern a strong family relation-
of six isotopomers of the phosphine—bromine monochlorideship between the B-ICl and B--BrCl curves, but we
complex has established that the molecule@gssymmetry  recognize that, for a given B, the value §ffor B---BrCl is
and that the intermolecular bond is formed between P andystematically smaller than that of BICI. There are two
Br, with a distance (P --Br)=2.8691) A. The interaction of obvious reasons for the orde#(B-:--ICl)> &(B---BrCl).
the two component molecules is not particularly strgkg ~ The first is that the electric dipole moment of 1(.24 D*
=11.5(1) N nT1] and it has been established that there is ds greater than that of Br@0.519 D,* so that distortion of
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the electron-donor orbital of the Lewis base by ICI is likely **T. J. Balle and W. H. Flygare, Rev. Sci. Instrubg, 33 (1982).
to be the greater. Alternatively, | in ICl is generally assumed°A. C. Legon, in Atomic and Molecular Beam Methadedited by G.

to be a better electron acceptor than Br in BrCl. The corre;,

Scoles(Oxford University Press, Oxford, 1982Chap. 9.
T. Moeller, Inorganic ChemistryWiley, New York, 1952, p. 449.

spondingd; versuslg curves for other series of complexes 17 ¢ | egon and C. A. Rego, J. Chem. Soc., Faraday TraBs1915

B---XY, for example XY=CIl, or Br,, are clearly of interest
in this context.
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