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Infrared Laser Spectrum and Structure of Phosphoryl Chloride (CIPO) Formed at Ambient
Temperature in the Gas Phase
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Department of Chemistry, Queen Mary & Westfield College, Mile End Road, London, E1 4NS, U.K.
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The infrared spectrum of the transient molecule phosphoryl chloride (CIPO) has been measured in the gas
phase at room temperature using infrared diode laser absorption spectroscopy aroundlBe molecule

was generated in a flow system either by adding molecular chlorine to a mixture of white phosphorus vapor
and oxygen or by reacting atomic oxygen with phosphorus trichloride vapor. The infrared spectrum arises
from the P-O stretching fundamentak{) of CIPO. The band origin is determined as 1263.007 00(22)'cm

which is 5 cn1? higher than the Ar matrix value and nearly 10 ¢nlower than a recent low-resolution gas
phase FTIR measurement. The rotational constants derived from the diode laser expéyimeni,20,B

= 0.151429(29), an€ = 0.133 236(23) cmt, are very close to those calculated from the density functional
theory (B3LYP) structure oRc—p = 2.0958 A Rs_o = 1.4650 A, andICI-P—O = 110.07.

Introduction measured lines of )D,1° and of a confocaltalon (free spectral
In comparison with nitrosyl halides, relatively little is known ;ir::%?a(?yogfgl?necrfr:)e;g[jr;erLaet?]/tew?azglgrgg(lj*ném;’rr?: rT?(SJ}Ien;SIteed
about the molecular structure of the homologous phosphoryl was first detected by adding molecular chlorine to the chemi-

halides in the gas phase. The present state of knOWIedgeIuminescent region of the low-pressure chain reaction between
regarding these species is summarized in the thorough review 9 P

of Binnewies and Schimiel! Until the present study, CIPO o>|<ygen an? wrgte [:k))hosr,]phorus _vaﬁofrA stronger source of |
had been prepared at high temperatures either by reactinqc/: PO Wis ound to be the reaction o dogyger;jé%mwslenm_PC
metallic silver with POG] or by partial hydrolysis of PGlabove apor. Atomic o_xygeg was generated by a Z micro-
700 K23 Mass spectrometry, photoelectron spectroscopy, and,WfaVe dlsc_:harge ina 5/920“ mixture in a side arm and mixed
very recently, low-resolution FTIR have been used to confirm with PCk in the absorption cell. Optimum total pressures were
its existence in the gas phas®® The molecule can also be about 100 mTorr.

isolated in an inert gas matrix by photolysis of @hd Q.6

The kinetics of the O+ PCk reaction has been studied by Results and Discussion

Jourdain et al’, using a discharge flow mass spectrometer
system to determine a rate constant of{3.5) x 1071 cm?
mol~? s, Observation of the products provides qualitative
evidence that the reaction mechanism is broadly similar to the

At the high resolution of diode laser spectroscopy, many lines
were detected between 1240 and 1280 %re., centered on
the matrix value (1258 cmi) for the P-O stretch of CIPO. It

better understood G- PH, reaction. The only experimental was easily shown by chemical substitution that the transient
. molecule responsible for these lines contained CI, P, and O

structural information obtained about the CIPO molecule to date 1 d the density of I led out or havi
is the condensed phase infrared fundamental frequencies af!oms, an € density of lines ruled out a carrier having

489(vs), 308(w), and 1258 2 and the ETIR vibrational symmetric top structu.re. Both .chemical sources .fPO +
banggs?at 127(\3/)8 erl1d 491 évilr?cmwaennowereport\g Srﬁjljoyngf Cl, and O+ PCh) provided identical spectra indicating that all

CIPO in the gas phase using Doppler-limited infrared laser tEe lines aroshe from asmgled.slpz.ues' !:b(I)r the vast majﬁrlty Ofl
absorption spectroscopy. the spectra, there are no readily discernible patterns on the scale

of the diode laser scans. A typical experimental spectrum is

Experimental Section shown in Figure 1.

In order to simulate a rotationally resolved spectrum of CIPO
and hence begin making an assignment, the structure of the
molecule was first calculated usiadp initio methods. Density
functional theory (DFT) calculations using the B3LYP method
were carried out with the Gaussian94 package and a variety of
basis set$! In addition to CIPO, identical calculations were
carried out for the structurally analogous species SSO and CINO,
both of which have precisely determined experimental equilib-
Yium geometries. The results are summarized in Table 1. In
« Corresponding author its ground electronic state, CIPO is nonlinear with a bond angle
t University of Cambridge. of about 110. Theab initio structures of SSO and CINO are
*Queen Mary & Westfield College. compared directly with experiment in Table 1, and this enabled

The molecule was generated in a fast flow system which
incorporated a multipass (White) cell, as described previciisly.
Tunable infrared radiation from a diode laser traversed the 1 m
long absorption cell up to 40 times. A small-amplitude 1.3 kHz
modulating current was applied to the driving current of the
diode laser, with the absorption signal detected at twice this
frequency by a lock-in amplifier. Absolute calibration of the
spectra was achieved by synchronously recording the accuratel
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Figure 1. Typically congested region of the CIPO spectrum. A selected series of R-branch lines labeled accordingJdt@gskiginment for
different values oK, are shown. Lines appear with second derivative line shape due to diode laser current modulation at 1.3 kHz and detection at
2.6 kHz.

TABLE 1: DFT Equilibrium Structures of CIPO, SSO, From the calculated constants, the molecule is a near-prolate
and CINO® asymmetric top with Ray’s asymmetry param&ter~ —0.96.
R(X-Y) R(Y—0) angle The oscillating dipole along the-FO bond could give rise to
cIPO both a-type (parallel) and b-type (perpendicular) bands. Both
6-314+-G(d) 2.1102 1.4815 110.06 types of band were simulated using the rotational constants in
6-31H-G(2d, p) 2.1139 1.4657 110.34 Table 1 and Watson's A-reduced Hamiltonidn.Very few
6-311+G(2df, 2p)  2.0958 1.4650 110.07 simple spectral patterns were discernible in either simulation,

calcd rotational constantsA = 1.100 cnr?,
B=0.147 cm’, C=0.130 cnT?
scaled rotational constant& = 1.122 cnt?,

in accord with the experimental spectra. Figure 2 shows the
only recorded region with an apparently simple structure across

B=0.149 cntt, C = 0.131 cnr the complete spectrum. It corresponds to the Q branches of an

SO a-type (paraIIeI)_ band for whichK; = 0, AJ = 0. Each_line
6-31+G(d) 1.9226 1.4892 117.56 is an accumulation of unresolvéccomponents for a particular
6-311-G(2d, p) 1.9166 1.4701 118.03 value of K, The congestion of all thd components into a
6-31H-G(2df, 2p)  1.9030 1.4662 117.74 single spectral feature at such high resolution is clear evidence
expt (ref 12) 1.88424(11)  1.45621(13)  117.876(4)  for a very small change i = (B + C)/2 on vibrational

CINO excitation. The splitting between successtg-branches for
6-31+G(d) 1.9972 1.1429 114.09 a molecule approaching the prolate top limit is given by the
6-31:+G(2d,p) 20066 1.1292 114.21 formula 2AA(K, + 1). The lines in Figure 2 it this form almost
6-311+G(2df, 2p) 1.9937 1.1285 114.23 - _ .
expt (ref 13) 197453(25) 1.13354(25)  113.320(13) perfectly to yieldAA = —0.007 921 5(32) cmt. Fitting of the

Q-branch structure also provides an unambiguous determination

2Bond lengths are in A, bond angles in dédRotational constants  of the band centre as 1263.0052 dm The smaller satellite
of CIPO from the calculated structure at the 6-3TQ(2df, 2p) level. lines visible in the spectrum of Figure 2 arise from the less
the results for CIPO to be scaled accordingly. In fact, this @bundant®’CIPO isotopomer. These lines may be similarly
scaling had only a small effect on the parameters calculated fitted to yield AA = —0.007 921 3(25) cm* and a band center
with the largest basis set. The structure of CIPO is similar to 0f 1262.9893 cm for the less abundastCIPO species. The
SSO with a slightly more acute bond angle. All three molecules Measured isotopic shift of 0.0159 ctnis in satisfactory
exhibited similar systematic changes in structure as the basisagreement with thab initio predictions.
set was changed. The DFT structure of CIPO is similar to that EachK, component of the Q-branch lies at the origin of its
obtained from the SCF, CI(SD), and CPF methbd3he associated P- and R-branches. These are series of lines above
calculated harmonic vibrational frequencies are presented inand below each Q-branch with a spacing of approximatBly 2
Table 2. There is good agreement between the calculated valuesvhich commence at a frequenc#2(K, + 1)B from the
and the observed band origins for SSO and CINO. ljHgand Q-branch line sincd = K,. The R-branch series were readily
of CIPO is predicted to be relatively intense (Table 2) and to identified for 4 < K, < 8, leading to an accurate value fBr
consist of a nearly puresPO stretching motion. As aresult of  which was used to locate the P-branches. Figure 1 shows the
the small participation of the Cl atom in this vibration, the ClI assignment of the R-branch lines for sevé&alalues recorded
isotopic shift for this band is calculated to be extremely small in a single scan; many other lines, some assigned, are present
(~0.003 cn1d). in this spectrum. The selection rule for an a-type band of an
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TABLE 2: Calculated Vibrational Band Origins &

Bell et al.

V3

V2

V1

S7Cl isotope shift
(va(ss) — v1@37)

CIPO
6-31+G(d) 295.13 (6.0) 480.39 (173) 1259.39 (129) 0.0028
6-3114+-G(2d, p) 294.90 (4.2) 478.80 (174) 1276.90 (122) 0.0032
6-311-G(2df, 2p) 301.70 (4.2) 486.10 (174) 1285.40 (121) 0.0037
expt (Ar matrix) 308 (w) 489 (vs) 1258 (vs)
this work 1263.0070

SSO
6-31-+G(d) 371.07 (11.2) 664.12 (45.5) 1144.28 (169)
6-311-G(2d, p) 376.09 (7.8) 668.55 (51.7) 1162.64 (178)
6-3114+-G(2df, 2p) 381.47 (8.2) 682.25 (51.4) 1184.58 (178)
expt (gas phadd 679.14 1166.45

CINO
6-31+G(d) 329.19 (80.8) 609.49 (109) 1920.83 (655) 0.0573
6-3114+G(2d, p) 332.19 (81.3) 607.28 (109) 1902.84 (672) 0.0604
6-311-G(2df, 2p) 333.03 (86.2) 610.46 (111) 1911.63 (671) 0.0657
expt (gas phasé’d 331.9 595.8 1799.74 0.1

2The band centers are in cfnand refer to thé®Cl isotopomer except where indicated. Calculated intensities are given in parentheses in units
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Figure 2. Diode laser absorption spectrum of the a-type Q-branch of @ Btretch in CIPO. The lines are labeled according to the vall& of
and consist of unresolveticomponents.

TABLE 3: Fitted Parameters (cm~1) for the Ground and

asymmetric rotor means that tBeandC constants can only be
Y y v3 = 1 States of CIPG

well determined individually by resolving the asymmetry

doubling. This splitting is evident only for low, lines, and ground state vy = 1 state
we have been able to resolve it for lines with<lK, < 3. Vo 1263.00700(22)
Some 44 of the more intense asymmetry split lines have been A 1.12¢ 1.1120593(85)
assigned, so that thB and C constants are reasonably well B 0.151429(29) 0.151383(28)
determined in both states. The unambiguous assignment of the 0.133236(23) 0.133103(24)
P- and R-branch lines for tHECIPO isotopomer has not been ) 142(32)x 107 1.68(26)x 107
! ' . Ax —-8.6(32)x 1077 —10.1(28)x 1077
possible at this stage due to the heavy congestion of the spectra  A,¢c 4.0x 105 4.0% 105
and the lower concentration of this species. o 1.1x 1078 1.1x10°®
Although theAA value is well determined from this spectrum, Ok° 41x 107 41x 107

the absolute value @t in each state cannot be determined from  aQuoted errors aredlin units of the last digit given Fixed at this
observation of only an a-type (parallel) band in the symmetric value (see textt The parameterdg, d;, and ok could not be well

top limit, which CIPO approaches. Allowing\ in both determined and were therefore fixed at the SSO values for both
vibrational states to float in fits to the assigned lines thus Vibrational states.

generates large uncertainties, with@érror in bothA values andC values. A better constraint on the ground state value of
of £0.02 cnt?! and significantly increased uncertainty in tBe A can be achieved by assuming that the inertial defect in CIPO
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TABLE 4: Observed Lines in the v3 Band of CIPO?2

J. Phys. Chem. A, Vol. 102, No. 45, 1998339

lower state upper state lower state upper state
J Ka Ke J Ka Ke obs diff J Ka Ke J Ka Ke obs diff
2 1 2 1 1 1 1262.4470 -8 9 5 5 8 5 4 1260.2410 1
3 1 3 2 1 2 1262.1703 —16 10 5 6 9 5 5 1259.9534 -8
5 1 5 4 1 4 1261.6184 —18 11 5 7 10 5 6 1259.6678 5
6 1 6 5 1 5 1261.3445 1 12 5 8 11 5 7 1259.3805 4
7 1 7 6 1 6 1261.0682 —6 13 5 9 12 5 8 1259.0920 —6
8 1 8 7 1 7 1260.7932 0 14 5 10 13 5 9 1258.8052 3
9 1 9 8 1 8 1260.5190 n 7 6 1 6 6 0 1260.7272 0
10 1 10 9 1 9 1260.2412 —16 8 6 2 7 6 1 1260.4407 -4
11 1 11 10 1 10 1259.9672 —6 9 6 3 8 6 2 1260.1561 13
12 1 12 11 1 11 1259.6930 -1 10 6 4 9 6 3 1259.8695 12
13 1 13 12 1 12 1259.4199 13 11 6 5 10 6 4 1259.5814 —2
14 1 14 13 1 13 1259.1441 -1 12 6 6 11 6 5 1259.2936 —11
3 2 1 2 2 0 1262.1216 15 13 6 7 12 6 6 1259.0084 10
5 2 3 4 2 2 1261.5468 7 14 6 8 13 6 7 1258.7225 25
6 2 4 5 2 3 1261.2571 —4 15 6 9 14 6 8 1258.4332 10
7 2 5 6 2 4 1260.9675 0 16 6 10 15 6 9 1258.1435 -7
8 2 6 7 2 5 1260.6766 4 2 2 0 2 2 1 1262.9745 -3
3 2 2 2 2 1 1262.1216 5 3 3 0 3 3 1 1262.9341 —12
4 2 3 3 2 2 1261.8367 6 4 4 0 4 4 1 1262.8790 —6
6 2 5 5 2 4 1261.2665 4 5 5 0 5 5 1 1262.8073 -8
8 2 7 7 2 6 1260.6979 i 5 5 1 5 5 0 1262.8073 -8
9 2 8 8 2 7 1260.4121 2 6 6 0 6 6 1 1262.7196 —12
10 2 9 9 2 8 1260.1271 —4 6 6 1 6 6 0 1262.7196 —12
11 2 10 10 2 9 1259.8427 -5 7 6 1 7 6 2 1262.7196 0
12 2 11 11 2 10 1259.5602 9 7 6 2 7 6 1 1262.7196 0
13 2 12 12 2 11 1259.2737 —18 7 7 0 7 7 1 1262.6160 —16
14 2 13 13 2 12 1258.9932 11 8 8 0 8 8 1 1262.4974 —13
15 2 14 14 2 13 1258.7096 6 9 9 0 9 9 1 1262.3630 -9
16 2 15 15 2 14 1258.4271 9 10 10 0 10 10 1 1262.2134 0
17 2 16 16 2 15 1258.1435 -3 11 11 0 11 11 1 1262.0478 6
5 4 1 4 4 0 1261.4572 51 2 2 1 3 2 2 1263.8309 24
6 4 2 5 4 1 1261.1705 6 3 2 2 4 2 3 1264.1145 22
7 4 3 6 4 2 1260.8837 -1 4 2 3 5 2 4 1264.3972 16
8 4 4 7 4 3 1260.5978 3 5 2 4 6 2 5 1264.6798 12
9 4 5 8 4 4 1260.3115 7 6 2 5 7 2 6 1264.9606 -4
10 4 6 9 4 5 1260.0240 1 9 2 8 10 2 9 1265.8049 -1
11 4 7 10 4 6 1259.7356 —10 10 2 9 11 2 10 1266.0840 —10
12 4 8 11 4 7 1259.4480 —10 11 2 10 12 2 11 1266.3637 )
13 4 9 12 4 8 1259.1608 -2 12 2 11 13 2 12 1266.6424 -2
14 4 10 13 4 9 1258.8719 -7 13 2 12 14 2 13 1266.9208 7
15 4 11 14 4 10 1258.5811 27 14 2 13 15 2 14 1267.1950 -—18
6 5 2 5 5 1 1261.0989 ) 15 2 14 16 2 15 1267.4711 —13
7 5 3 6 5 2 1260.8127 -7 17 2 16 18 2 17 1268.0208 2
8 5 4 7 5 3 1260.5287 14 18 2 17 19 2 18 1268.2942 12
3 3 0 4 3 1 1264.0747 9 16 5 11 17 5 12 1267.6296 0
4 3 1 5 3 2 1264.3573 —6 17 5 12 18 5 13 1267.9149 29
5 3 2 6 3 3 1264.6420 -1 18 5 13 19 5 14 1268.1951 8
6 3 3 7 3 4 1264.9273 11 19 5 14 20 5 15 1268.4767 2
7 3 4 8 3 5 1265.2084 21 6 6 1 7 6 2 1264.7145 13
8 3 5 9 3 6 1265.4945 -4 7 6 2 8 6 3 1264.9960 -7
9 3 6 10 3 7 1265.7779 —17 8 6 3 9 6 4 1265.2814 14
10 3 7 11 3 8 1266.0635 —10 9 6 4 10 6 5 1265.5638 6
11 3 8 12 3 9 1266.3509 10 10 6 5 11 6 6 1265.8464 1
13 3 10 14 3 11 1266.9212 —10 11 6 6 12 6 7 1266.1295 3
14 3 11 15 3 12 1267.2086 -9 12 6 7 13 6 8 1266.4120 1
15 3 12 16 3 13 1267.4977 1 13 6 8 14 6 9 1266.6949 4
16 3 13 17 3 14 1267.7870 3 14 6 9 15 6 10 1266.9779 10
17 3 14 18 3 15 1268.0781 11 15 6 10 16 6 11 1267.2596 5
18 3 15 19 3 16 1268.3685 1 16 6 11 17 6 12 1267.5405 —6
4 4 0 5 4 1 1264.3028 1 17 6 12 18 6 13 1267.8231 1
5 4 1 6 4 2 1264.5866 0 18 6 13 19 6 14 1268.1036 —11
6 4 2 7 4 3 1264.8701 -3 19 6 14 20 6 15 1268.3880 18
7 4 3 8 4 4 1265.1533 -8 7 7 0 8 7 1 1264.8931 —-17
8 4 4 9 4 5 1265.4392 8 8 7 1 9 7 2 1265.1777 —4
9 4 5 10 4 6 1265.7209 —4 9 7 2 10 7 3 1265.4624 11
10 4 6 11 4 7 1266.0038 —10 10 7 3 11 7 4 1265.7450 7
11 4 7 12 4 8 1266.2880 -3 11 7 4 12 7 5 1266.0274 3
12 4 8 13 4 9 1266.5720 2 12 7 5 13 7 6 1266.3109 12
13 4 9 14 4 10 1266.8550 -3 13 7 6 14 7 7 1266.5917 -5
14 4 10 15 4 11 1267.1384 —4 14 7 7 15 7 8 1266.8743 -1
15 4 11 16 4 12 1267.4212 —12 15 7 8 16 7 9 1267.1555 —10
16 4 12 17 4 13 1267.7055 ) 16 7 9 17 7 10 1267.4381 -2
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TABLE 4 (Continued)

lower state upper state lower state upper state
J Ka Ke J Ka Ke obs diff J Ka Ke J Ka Ke obs diff
17 4 13 18 4 14 1267.9895 -3 17 7 10 18 7 11 1267.7196 —4
18 4 14 19 4 15 1268.2716 —21 18 7 11 19 7 12 1268.0005 -9
18 4 15 19 4 16 1268.2716 9 19 7 12 20 7 13 1268.2823 —3
6 5 1 7 5 2 1264.7995 0 10 8 3 11 8 4 1265.6276 8
7 5 2 8 5 3 1265.0820 —11 11 8 4 12 8 5 1265.9092 -4
8 5 3 9 5 4 1265.3680 15 12 8 5 13 8 6 1266.1933 11
9 5 4 10 5 5 1265.6493 -5 13 8 6 14 8 7 1266.4747 1
10 5 5 11 5 6 1265.9328 -2 14 8 7 15 8 8 1266.7562 —6
11 5 6 12 5 7 1266.2161 0 15 8 8 16 8 9 1267.0385 -3
12 5 7 13 5 8 1266.4989 -1 16 8 9 17 8 10 1267.3214 8
13 5 8 14 5 9 1266.7823 5 17 8 10 18 8 11 1267.6033 12
14 5 9 15 5 10 1267.0663 17 18 8 11 19 8 12 1267.8840 6
15 5 10 16 5 11 1267.3481 9 19 8 12 20 8 13 1268.1628 —17

20bs is the observed transition frequency in"énDiff is the observed value minus the calculated value, in units of &2,

is similar to that in CINO and SSO. These two molecules have to noise ratios suggests that many other homologues of the
similar small positive inertial defects of 0.139 and 0.176 amu nitrosyl and thionitrosyl halides may be formed and detected
A2 respectively, and a value of 0.15 amd Was therefore by this technique.

adopted as reasonable for CIPO. Bsand C are virtually
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