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Infrared spectra have been studied over the range-4R00 cnt? for (CHs),TiCly, (CDs),TiCl,, (CH,D),-
TiCl,, and (CHD).TiCl; in the gas and matrix phases. Some new spectral observations are also reported for
CHgTiClz and CI3TiCls. Equilibrium geometries and force fields are calculated for botbM@, and MeTiCk

using bothab initio (MP2) and DFT approaches. Scale factors for the force fields were first determined in
MeTiCl; and then transferred to MECI, so as to provide accurate estimates and facilitate the assignment
of the spectra of MdgiCl,. Quantum mechanical (QM) calculations of infrared intensity proved to be vital
in this process. A number of Fermi resonances involving skeletal bending modes below 2b@rem

postulated. Combination and overtone evidence for these modes suggests that they occur close to their predicted

positions in all cases except one. The infrared evidence from tHé &hd C-D stretching regions indicates
that the C-H bonds in each methyl group in MECI, are equivalent and slightly weaker than those in
MeTiCls. The H-C—H angle in MeTiCl; is found to be 109t 1°, about % less than in MeTiGl These
results are largely reproduced by the DFT calculations, whereaabtiétio values indicate little difference
between the two compounds. The skeletal interbond angles imillie are particularly sensitive to the type
of QM calculation, but all calculations agree on a reduced C-C and an enlarged €ITi—Cl angle, compared

with the tetrahedral value. Problems arising in customary scaling procedures are addressed. The mode of

thermal decomposition of the molecule is discussed.

Introduction as a supplement or possible alternative to the use of “isolated”

The last decade has witnessed extensive efforts to understan¢—H stretching frequencies as observed for GHboieties.
the structure and bonding in methyltrichlorotitanium, MeTiCl ~ The latter have proved a valuable source of quantitative
Particular interest focused on the structure of the methyl group information concerning methyl group geometfy!* Isolated
and the extent, if any, to which this might be affected by a C—D stretching frequencies have been used for many years to
Ti--+H—C “agostic” interactiork™> The earlier finding of an identify different types of bonds in a variety of compour8ls,

apparently flattened CHgroug was later contradicted bgb ~ but there has been as yet no careful examination of their
initio, 23 electron diffractiorf, and infrared spectral studiésn quantitative significance. For such a study there is a need ideally
contrast, there has been a dearth of information regarding thet0 investigate both**CH and»*CD in the same molecule.
dimethyl congener, MAiCl,, probably reflecting the greater In the course of the infrared measuremeatsjnitio studies
thermal fragility, reactivity, and photosensitivity of the more Of all the chloro(methyl)titanium compounds were published,
highly methylated compourfi® the results including computed geometrical paramétershe

The present infrared and theoretical study of the dimethyl calculations on MgMCl> compounds were extended, when
compound, which parallels an electron diffraction investigation, Preliminary electron diffraction results became available, to
was undertaken as part of a continuing study of systems consider a possible rationalization of the unusual skeletal bond
involving alkyltitanium compounds in which agostic behavior angles found within the concept of Bent's rdfe.

may be manifest®l! We wished also to explore the use of At an early stage in the analysis of the infrared spectra, it
“isolated” C—D stretching frequencies;sCD, obtained from became evident that much of the usual information on which

the vibrational Spectra of molecules Containingztm-groups’ aSS|gnment of vibrational fl‘equenCIeS is norma“y based was
missing. There were no Raman spectra available and the
€ Abstract published ilAdvance ACS Abstract&ebruary 1, 1997. infrared spectra of the gaseous molecules failed to disclose
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TABLE 1: Comparison of QM and Observed Geometries difficulty in obtaining a chemical understanding of what is ob-
for MeTiCl 5 and MeTiCl served experimentally, namely, an unusually large THCI
bond/A DFT MP2 angle (117.3) and a correspondingly smgll —CI'_i—C one
angle/dég AES ECP AEC ECP expe (102.8).° The MP2/EC;P calculation for M&iCl, gives good
- agreement for the €Ti—C angle but the poorest agreement
Tic 20478 2.03'\‘/'7?'032_059 20406 2047(6) [orthe CHTi—Clangle, andits HC—H and CI-Ti—Cl angles
TiCl 2.2011 2.1964 2.183 2.1832 2.185(3) for M6T|C|3 deviate most from those observed. The two DFT
CH 1.1015 1.1004 1.094 1.0889 1.098(6) calculations both give angles in MeTgdh excellent agreement

HCH 109.739 110.346 110.1 111.352 109.9(17) with those observed. The DFT/AE value for the-Qli—Cl
CITicl  113.027 113384 1133 113.849 113.0(2)  angle in MeTiCl, (116.7) is the best one predicted, but its

Me,TiCl# C—Ti—C angle (106.9) is easily the worst.
TiC 20591  2.0474 2.0413  2.058(3) Some lack of uniformity is also evident among the bond
E‘S' iiégg i-ié‘ig i'%ggg iﬁi((i)) lengths. The DFT-based ¥l distances tend to be larger than
CH: 11028 11012 1.0890 ' both MP2 and experimental ones, but the same is not true for
H.CH. 109.341 110.077 111.321 110.8(10) the Ti—C values. While absolute accuracy in the QM bond
H.CHs 108.943  109.582 110.857 lengths may not be better than0.02 A, previous experience
H.C-Ti  109.647  109.135 107.604  108.1(10) indicates thathangesin these lengths from one molecule to
(H:%Ei:gl iég-ﬁg igi-gﬁ 1%81-‘;‘;3 102:8(9) another, or within the same molecule, are likely to be much
arTicl 116.663 118112 121.356 117"3(3) closer to changes found experlme_ntaldyg.from the v'SCH

MerMe values.}2 provided that .the calculatlons are at.the same level
ATIC 0.01% 0_01002 0.0007 0.011(7) and with the same bas_ls set. Accordingly we include in Table
ATICI 0.014, 0.0145 0.0208 0.011(4) 1 the changes in the FC, Ti—Cl, and _C—H lengths bet_ween _
ACHay 0.00G 0.0007 0.0002 0.00%4 the monomethyl compound and the dimethyl one, estimated in

the various ways. The agreement between experiment and the

a . . . b
fageometries from refs 4 (MeTigland 9 (MeTiClz). ° Reference DFT results is most pleasing. However, the MP2 calculations

9. ¢ This work. 9 Reference 3¢s and a denote hydrogen atoms in and

out of the plane of symmetry, respectivel{Changes from MeTiGl fail to predict the lengthening of the FC and C-Hay bonds
to Me;TiCl,. 9 Value predicted from/sCH. that occurs and overestimate the lengthening found for the Ti
Cl bonds.

identifiable rotational contours from which the symmetry species ~ Concerning the structure of the methyl group, there is general
of vibrational levels might be deduced, nor were there any agreement that the degree of asymmetry in the dimethyl
spectra available for the region below 200dm Interpretation compound with respect to-€H bond lengths is low throughout.
would therefore have to be based on very precise predictionsWith the switch from MeTi({ to Me;TiCl, there is a maximum
from scaled quantum mechanical (QM) force fields, the scale lengthening of 0.0007 A in the DFT results, which compares
factors concerned to be transferred from the molecule thatwith a lengthening of 0.0014 A predicted from theCH data
resembles MgiCl, most closely, namely, MeTigl whose (vide infra). The angular asymmetry of the methyl group is
vibrational spectrum has been well, if not completely, character- also small: the HCH, and HCHs angles differ by 0.3-0.5°,
ized> This involved us both in a re-examination of the As is apparent from the HC—H angles, the methyl group is
vibrational spectra of MeTiGland also in an exhaustive study tilted by less than 1

of its force field by a variety of QM methods, including both
ab initio and DFT approaches, which were each in turn then
applied to MeTiCl..

On one hand, we were concerned with scaling the force fields
to a much higher degree of precision than is normal in order to
distinguish vibrational modes that might lie close together. On
the other, we were faced with the problem of choosing scale

factors for use with types of motion in MEICI, that were not

represented in MeTi)gI) namely, the vagﬁjs iinds of skeletal ~ (VasTiCl3), andviz (pTiCls) on the basis of combination bands

bending mode. Previous experience in this area has shown thaft higher energy in the IR spectrum. Earigtese had yielded

it is unwise to adopt a single scale factor for force constants Values of 136, 159, 155, and 111 chrespectively. However,

relating to one type of coordinate,g. bending motions, even the scaledab initio calculatlon§ of Krmer and Thi€l .make it
clear that the skeletal mode highest in energy(e), lying near

in the case of €H or Si—H stretchingt®2L if observed spectra 1 ) .
are to be reproduced in detail. The result is a searching 120 ¢+, should be described by the symmetry coordinate
91—02—03, where 6 is a C-Ti—Cl angle change. The

investigation of the strengths and weaknesses of customar ) i -
proportion of carbon motion means that a more appropriate

scaling procedures and of the reliability with which scale factors s X s X
may be transferred between similar molecules. ?heesr?gpfll'?gl fgr”ll is OTIC. The lowest energy modeo, is
as 3:

Attempts were made to improve the experimental results in
two ways. Both old and new spectra of the £&hd CQy

Table 1 summarizes the bond lengths and angles computedspecies were scrutinized for further information regarding
for Me,TiCl, and MeTiCh, along with the electron diffraction  combination bands, with the results shown in Table 2. The
results for these moleculés. assignment of a mode near 153 @mo vy is confirmed by

A striking feature of the calculations is the relative constancy the observation of an appreciab&C shift of about 2 cm.
of the skeletal angles in the monomethyl compound compared This is the only skeletal bending mode to involve perceptible
with variations of 4-5° in the C-Ti—C and C+Ti—Cl angles carbon atom movement. The assignmentto 131 cnt?, 5
in the dimethyl species. It is perhaps a coincidence that this cm™ less than its previous value, is not very secure but is
sensitivity to the method chosen is found where there is great supported by the QM calculations. The combination band at

Results: Assignments and Force Fields for MeTiGl

Assignments. The main problem in establishing a reliable
force field for MeTiCk lies in locating the vibrations at
wavenumbers below 200 crh no IR spectra in this region and
no meaningful Raman spectra at any wavenumbers having been
recorded up to now. In the absence of direct observation,
attempts were made to assigg (0sTiCls), ve (tCH3), vi1

Results: Geometries of MeTiC} and Me,TiCl,
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TABLE 2: Assignment of Low-Lying Modes from Force Fields. The symmetry coordinates employed were
Combination Bands in MeTiCl; Species those of Kraner and ThieP They have the advantage that the
mode CHTICl;3 CD;TiCl3 symmetric deformation coordinates involve only the &H
v OTIC  1527= 1375+ 152 1149= 1009+ 140 or CI=Ti—Cl angles. This enables us to avoid théactor in
1262 = 1108 + 154 the more customary definition which involves—&-Ti or
1165(br)= 551+ 464+ 150 C—Ti—Cl angles as well. Each QM calculation would have
_ 688=536+152 required a different value af. The earlier empirical force field
iz OasliClg 662=551+4 111 631=521+110 showed the compatibility of the CHData with those for the

OsTiCls 606(br)= 464+ 153, 464+ 131 . . ,
zz «CHs : 314872,: 2081+ 159 CHz and CDy species, and accordingly data for all three species

were used in the scaling procedure. Uncertainties in the data
were not less than 1%, to allow for the effects of anharmonicity.
In the special case of the-@4 and CG-D stretching modes,

1 . . . . which are much more affected by anharmonicity, t® values
3140 cn1?, which earlier led to placing the methyl torsios were ignored altogether, and only tHeCH datum in the CHB

at 159 cntl, was not identified in the new spectra. This might species was given any weight. This procedure is potentially of
have been due to the presence of impurity in the samples, butuse in identifying the extent to which theCHs and v.CHs

the evidence fors must now be considered very flimsy indeed. bands h b displaced by Eermi
The new sample of CETiCl; contained weak impurity bands ands have been displaced by Fermi resonances.

at 1341 and 903 cr, but the evidence for fundamental modes N scaling the QM force fields, the number of scale factors
at 140 and 110 cnt is fairly good. was increased until no significant improvement in the fit to the

In an alternative approach, Raman spectra were obtained forobserved data was obtained. Table 4 shows the fits obtained
CCl, and GH solutions of both the Ciiand CL} species, with in this way, and Table 5 shows the scale factors determined,
the results reported in Table 3. A medium strength depolarized Seven such factors (ignoring the torsion) being sufficient. At
line at 175 cm? in the d species shifted to a group of three an early stage, however, it was found that the MP2 calculations
such lines at 178, 169, and 160 chin the ¢ one. Such a could not fit thev,sTiCl3 and pMe frequencies simultaneously.
shift can arise only in4, but these solution values are much This was traced to an erroneous interaction force constai,
higher than the highest given by the unscaled QM calculations involving the two coordinates in question. The situation
and the values deduced from the combination bands of the vaporprovides a salutary example of the inherent weakness of both
(see Table 2). By contrast, thdiC andvTiCl fundamentals QM force fields and of the program ASYM40, through which
were little changed from the gas-phase values. There was nothese force fields were scaled. In the two DFT force fields,
sign of any polarized line due te or of a depolarized one due  Fo,10 has the value—0.0516 and—0.0532 aJ A! rad,
to v12. We are bound to conclude that the MeTi@lolecules respectively, and reproduction of thgTiCl; andpMe frequen-
are complexed in CGland GHs solution in such a way as to  cies is very satisfactory (Table 4). However, in the MP2 force
raise the energies of only the skeletal bending modes. field, as in the earlier one of Kmer and Thief the unscaled

Among the gas-phase bands occurring above 300 come value lies below-0.06 aJ Alrad™. As in most force constant
reassignment from ref 5 is plausible. The broad band at 380 programs, ASYM40 can scale an off-diagonal constant only with
cm~t in CD3TiCl3 is better assigned as an overlapping pair the geometric mean of the scale factors of the corresponding
consisting ofv, at about 385 cm! and v at about 375 cm. diagonal constants, a condition that makes for only a trivial
These new values are well fitted by the scaled quantum change of a few percent, where-3®0% is required. This small
mechanical (SQM) calculations and also improve the prediction constant has a large influence due to the close proximity of the
of several combination bands. isolated motions before coupling is introduced. In the present

a13C shift=~ 12 cnT?. P 13C shift= 10 cnT™. 1108 cn'is a revised
value based on new spectra.

TABLE 3: Raman Spectra Recorded for MeTiCls in Solution (cm™1)

molecule mode sym description IR (g&s) Raman (GHe) Raman (CC))
CHgTiCl3 V1 Ay v{CHs 2893.5w 2874 ms,p 2879 ms,p
V2 A1 0<CHjs 1108 vw 1105 ms,p 1105 ms,p
V3 Aq vTiC 535.7 ms 528 m,p 526 sh
V4 A vsTiClg 390 m 387 vs,p 388 vs,p
Vs A; 0sTiCl3 (131) [n.0.p [n.o.P
Ve A 7CHs (159) inactive inactive
V7 E valCHs 2981.0w 2969 m,dp 2979 m,dp
Vg E 0aHs 13745 m 1364 w,dp 1365 w,dp
Vo E VaslICl3 550.5vs 538 br,sh 538 m
V10 E pCHs 463.7 vs 458 w obscured
Vi1 E oTIiC (153) 175 m,dp 170 m,dp
V12 E 0asTiCl3 (111) [n.0.} [n.o.]P
CDgsTiCls 21 A v<CD3 2099.7 w 2087 s,p 2089 s,p
V2 A1 0CD3 880 w 865 ms,p 865 ms,p
V3 A1 vTiC 496.5s 488 ms,p 487 ms,p
Va A1 vsTiCl3 385 m$ 387 vs,p 387 vs,p
Vs Ay OsTiCl3 [n.o.]p [n.o.P [n.o.]p
Ve Az 7TiCDs inactive inactive inactive
V7 E 12l D3 2238.0w 2227 ms,dp 2229 ms,dp
Vg E 0aLD; 1009.3 m 998 sh 1000 w,dp
vy E VasTiClg 520.5vs 523 sh 520 sh
V10 E pCDg 375 m$§ 368 sh 370 sh
o E oTiC (140) 179,160 m,dp 178,160 m,dp
V12 E 0asTiCl3 (110) [n.0.p [n.o.]

aReference 5, with alterations discussed in the tewrto. = not observed¢ Overlapping bands (see text).
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TABLE 4: Vibrational Frequency Fits (cm 1) for SQM Force Fields for MeTiCl; Species

CHsTiCls
DFTP
observed valués AE MP2
mode# o Ave oad ef ent ECPe¢,f ECP¢,f AEC¢,f
V1 2886.9 0o 2.0 2 2.3 0.2 4.1 14.4 18.5
V2 1112.00 11.0 10.0 2 —-1.8 0.7 —-1.4 4.0 —-19.0
V3 535.7 5.4 10.5 1 -3.3 0.9 -3.3 —6.1 0.7
V4 390.0 3.0 2.0 2 -0.4 1.1 0.4 —-0.9 —6
Vs 131.0 3 1.8 0.6* 0.2 -1.2 —4
Ve 159.0 5 0.0 0.0* 0.0 0.0 18
V7 2981.0 ) 8.3 3 -1.0 —2.4 -1.7 —5.6 -9
Vg 1374.5 13.7 3.5 0.5 —6.6 0.3 —4.7 —7.4 7
Vg 550.5 55 1.0 1 —-2.3 —-1.2 -35 0.2 -5
V10 463.7 4.6 0.5 0.5 0.4 —-0.6 -0.3 —-0.6 2
Vi1 153.0 3 -0.2 2.4 -0.1 -0.8 2
V12 111.0 3 -0.9 0.2+ -0.3 0.4 -9
CDsTiCls
DFT®
observed valués AE MP2
moded g9 Ave oand ef eant ECPe¢,f ECP¢,f AECe,f
V1 2099.7 co 5.0 4 35.9 1.2 39.1 48.5 17
Vo 880.0 8.8 13.0 5 —-0.2 1.5 —-0.6 —5.2 =17
) 496.5 5 4.0 3 4.3 1.8 4.6 6.4 5
V4 385.0 5 -2.3 1.1* -1.7 -3.1 1
Vs 127.4* 0.5* 128.9* 130.3* 133*
Ve 112.9* 0.0* 112.8* 112.9* 100*
vy 2238.0 00 31.3 15.0* 30.4 26.7 -8
Vg 1009.3 10.0 4.0 3 6.3 0.3 7.2 6.6 6
vy 520.7 5.2 0.0 1 2.6 0.6* 2.4 4.4 2
V10 375.0 5 —-0.2 2.9* —-1.0 —-1.6 12
Vi1 140.0 2 0.4 1.3* 0.3 0.4 2
V12 110.0 2 —-0.9 0.2* —-0.2 0.3 -9
CHD,TICls
observed valués DFT® MP2
mode v 0,9 AE ¢,f ECP¢,f ECP¢,f
A’ Y1 2952.3 1.0 0.0 0.0 0.0
vy 2165.0 ) 56.4 58.4 64.2
V3 1080.0 10.8 1.5 4.3 1.5
Vs 935.0 9.4 1.0 0.3 -0.1
Vs 540.0 5.4 —2.7 —-3.5 —-2.3
Ve 510.0 5.1 2.3 2.3 3.1
V7 422.0 4.2 1.7 1.0 1.6
Vg 386.8* 386.4* 387.7*
vy 144.4* 144.5* 144.7*
V10 127.9* 129.4* 130.8*
Y11 111.3* 110.6* 110.0*
A" V12 2231.0 3 24.2 23.4 19.7
V13 1230.1 12.3 —4.2 -3.7 —-3.8
V14 518.2* 518.4* 516.5*
V1is 376.6* 377.3* 378.0*
V16 145.1* 145.1* 145.2*
V17 122.6* 122.6* 122.5*
V18 111.0* 110.3* 109.8*

aData from ref 5, with alterations as described in té@xEhis work. ¢ Data from ref 3.4 Uncertainty in datum observe8lFrequency shift?C—
13C. fe, = vons — Vealn €XCeEPpL for values indicated by an asterisk, whichiagg Similarly for €,,. 9 Fermi resonance correction appliédlder
value, quoted in ref 5.

case, a rough manual manipulatiorFgfiosuggested that a value  this appears to be a common phenomeloft It is clearly

of about—0.04 aJ Al rad! is appropriate, and this has been undesirable to assume that #hgCH; and pCHs factors can be

adopted as a constraint in the MP2 force field (before scaling). constrained to be identical, to judge by all except the DFT/
Looking closely at the variations in the scale factors in Table effective core potential (ECP) force field. The same is true for

5 reveals some trends that are as expected and others less sthevTiC andvTiCl factors. What was of concern to us through-

Thus the DFT factors are generally closer to unity than the MP2 out, with our need for accurate prediction of the unobserved

ones, although theTiCl and skeletal bending ones are wider skeletal bending region of M&iCl,, was the possibility that

of the mark in DFT than in MP2. we would need differing factors for the different kinds of
All treatments require slightly differing factors for the bending motion. Thé,sTiCl; anddsTiCls data were quite well

asymmetric and symmetric methyl deformation constants, and fitted by a common scale factor in all cases, but a different one
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TABLE 5: Scale Factorss; for MeTiCl 3 and Me,TiCl,

J. Phys. Chem. A, Vol. 101, No. 10, 1991055

MeTiCI3
symmetry coordinate DFT MP2
[ type AE ECP ECP
1,7 yCHP 0.9573(4) 0.9601(4) 0.8824(4)
2 0<CHjs 0.9647(72) 1.0152(75) 0.9712(87)
8 8aCHs 1.0071(60) 0.9449(67)
10 pCHs 0.9798(104 1.0306(52) 1.1711(144)
3 vTiC 1.0042(84) 0.9625(7
4,9 VTiCl 1.0796(77) 1.0566(7 0.9318(55)
5 OsTiCl3
» 635TiCI3] 1.0860(109 1.0551(160) 0.9591(171)
12 OTIC 1.0189(155) 1.0155(182)
6 TCHS® (1.3778) (1.0917) (0.8426)
MezTiCIzd
symmetry coordinate DFT MP2
i type AE ECP ECP
1,2, 10, 11, 15, 16 vCH 0.9513(7) 0.9549(4) 0.8733(3)
5,11, 18, 24 0aCHs 0.9892(89) 1.0175(47) 0.9295(41)
6,19 8<CHs 0.9588(145) 1.0194(80) 0.9905(73)

aFgjpconstrained= —0.04 aJ Al rad™? (before scaling)® Refined tovsCH = 2952.3 cmi? only. ¢ Reproducing an assumed torsional frequency
of 159 cntl. 9 Other scale factors were transferred from MeFiCWhere thedTiC and 0 TiCls factors differed, the latter was used only for the
0sTiCl, coordinate § the former for thedsTiCo, TTiCy,, pTiC,, and WTIG coordinates § Sia, S, and $7.

TABLE 6: SQM Force Fields for MeTiCl 32

DFT/AE DFT/ECP MP2/ECP DFT/AE DFT/ECP MP2/ECP

A F11 4.8305 4.8325 4.8075 Fis 0.0401 0.0441 0.0358
Fa2 0.7533 0.7886 0.8188 Fa23 —0.1276 —0.1338 —0.0967
Fas 1.9584 1.9615 2.0123 F24 —0.0654 —0.0703 —0.0581
Faa 2.7818 2.7820 2.8285 Fas —0.0486 —0.0493 —0.0519
Fss 1.0119 1.0719 1.1357 Faa4 0.1940 0.1944 0.1911
Fi2 0.1888 0.2040 0.2016 Fas —0.0197 —0.0282 —0.0520
Fi3 0.0848 0.0845 0.0674 Fas —0.0559 —0.0609 —0.0340
Fia —0.0154 —0.0173 —0.0298

E F7,7 4.7936 4.7939 4.8021 Fs,o 0.0001 —0.0011 0.0000
Fss 0.4951 0.4874 0.4644 Fs,10 0.0258 0.0276 0.0473
Fao 2.4058 2.4073 2.3638 Fs11 —0.0070 —0.0078 —0.0079
F10,10 0.1828 0.1839 0.1830 Fg12 0.0041 0.0045 0.0047
F11,11 0.3578 0.3521 0.3390 Fo,10 —0.0516 —0.0532 —0.0418
Fi212 0.4535 0.4463 0.4696 Fo,11 0.0608 0.0590 0.0712
Frs —0.1379 —0.1408 —0.1317 Fo,12 —0.0470 —0.0397 —0.0604
F79 —0.0080 —0.0053 —0.0058 Fio011 0.0101 0.0125 0.0127
F7.10 0.1199 0.1233 0.1428 Fi0,12 0.0379 0.0390 0.0526
F711 —0.0200 —0.0201 —0.0200 Fi112 —0.0102 —0.0127 —0.0065
F712 0.0487 0.0504 0.0508

aUnits: aJ A2 aJ At rad™!; aJ rad?. P See text for constraint.

was needed for théTiC motion in the two ECP calculations.
The problem in transferring these to MéCl, was to decide to expect.
which of the two factors was appropriate for the five different Harmonic Local Mode Calculations for MeTiCl 3. For the
types of skeletal bend in the latter. In any event, it was decided interpretation of the €H stretching region of MiCl, it is
to use the)sTiCl3 one only for thedsTiCl, coordinate in Mg- important to know the size of the-€H stretch/C-H stretch
TiCl, and thedTiC factor for all four of thedsTiCy,, WTIC,, valence interaction force constaifi,, and a transfer of this
TTiC,, andpTiC; skeletal motions. The uncertainty that arises parameter from MeTiGlproves to be essential. The constant
from this assumption is fortunately absent with the DFT/AE will have slightly different values in a particular molecule
(AE = all-electron) force field, where one scale factor fits all depending on whether it is obtained from a complete force field
three of the MeTiCG bending modes. or from a harmonic local mode (HLM) one which ignores all
Elsewhere in Table 5 we can trace features related to thevibrations other than the-€H or C—D stretching motions. Table
variations in equilibrium geometry recorded in Table 1. Thus 7 shows the values of this parameter in Megi@htained from
the 8% difference in theTiC andvTiCl factors for the DFT/ the complete SQM calculations,g.from the symmetry force
AE force field may be related to the overestimate®fCl but constants of Table 6, and also from all six of thgCH3; and
good reproduction gbTiC when this approach is made. Afinal v<CHj; frequencies yielded by the complete SQM force field,
comment here concerns the scale factors quoted for the methylon the assumption that these are given simply by the product
torsion. These are based on an exact reproduction of an almosbf the diagonalF and G elements, as implied in the HLM
arbitrary torsional frequency of 159 ch and we can only be  approach. The experimental value f§ in the HLM ap-
surprised by the very large range of torsional frequencies that proximation was derived from the observedCH; andv'sCH
each unscaled calculation yields. The QM calculations are of data, plus the best experimental antjlélhe preferred DFT

little use, then, in giving us any idea of what torsional frequency
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Figure 1. Absorbance IR spectra recorded for isotopomers of IWM& in the region 32062000 cn1?. (a and e) (CH),TiCly; (b) (CH.D).TiCly;
(c and f) (CHD),TiCl; and (d and g) (CB).TiCl,. Spectra ad were measured for samples in the gas phase at ambient temperature,gaiod e
samples isolated in an Ar matrix at 14 K.

TABLE 7: CH Stretch/CH Stretch Interaction Constants f', as follows: 9A, 5A,, 7B, and 6B. The B, and B species

and Fit to valCH3 and v;CH3 Frequencies in CHTICl 5 contain thevasTiC, and vaTiCl, modes, respectively. Tables
DFT= MP2 13-16 give the frequencies and infrared intensities predicted
AE ECP AE ECP expb for. the ;b and @ ilsotopc()jmers. ¥he ii?tensitiesI s(tjref calcuflgtlzd
Fro(fulld 00129 00L28 —00127 00018 0022 using the normal coordinates for the unscaled force fields.
e (vaCH)® —1.0 17 —9 56 0.0 Frequency predictions for the dnd d species are confined to
e(vCHg)e 2.3 4.1 18.5 14.4 2.2 the averages (weighted according to abundance) of those
f'o(HLM)"  0.0205 0.0216 —0.0037 0.0122  0.025 calculated for the four conformers present in each case on the
HCHangle 109.739 110.346 110.1 111.352  110.23 pasis of the DFT/ECP force field only, and these are included
aThis work.? Reference 5, average of the €HCl; and CRTiCls in Tables 10 and 11. In each case error limits in parentheses

values.® Reference 3¢ Value of stretch/stretch interaction constant from  show the extreme range of frequency covered by the four con-
the complete force field treatment; units aJ2Ae vops — veai, based formers. Since there are four ways of obtaining aB}€CH.D>
on vaCHs = 2981 cmi™, »,CH; = 2886.5 cm™.® "Value of stretch/  conformer, compared with two for each of the LHCH.D-

stretch interaction constant from harmonic local mode treatments of .
the SQM calculated frequencies (scaledws@H) or (column 5) the ones and qnly one for the solitary G.DJECHSDZ conforr;ner, the
averages lie close to the frequencies gHiIspecies*

experimental,{CHs and+*CH values.
The bases of the SQM predictions are scale factors transferred

treatments agree in findiniy, (full) to be about 0.013 aJ &, from those for MeTiCJ and supplemented by ones for theH,
with the HLM value about 0.008 larger at 0.021 al?AThe 5, CH, andd.CHs coordinates which were obtained by refine-
MP2 treatments yield consistently smaller values. ment to the observedsCH, §,CHs, anddsCHs; band frequen-

Table 7 also includes the differences between observed andgjes2? These are all summarized in Table 4.
céalcqlate.dvas('tl-ég tahm? vCHs fregu;enmes;ry GECh gpproach. Discussion of the assignments falls naturally into three
earing in mind that a somewhat uncertain Fermi resonanceregions, namely, 3000800, 600-300, and<150 cn™. The

: 1 g
gc:_rire dC:t?J%O];hL (E)NIT:T\/NAaES raeiﬂlffg i?ermfsgt;[sof:;?orobssirvegstin first of these includes the internal modes of the methyl groups,
3 ’ y Y, Sugg 9 excluding rocking, the second includes the skeletal stretching

that this correction should actually be about 9émPerhaps . o
. . . __and the methyl rocking fundamentals, and the third involves
the oddest feature of this table, though, is the poor reproduction . . .
i the skeletal bending and methyl torsion modes. With one pos-
of the observed data by the MP2/AE force fiéld. . . . .
sible and useless exception, no recognizable rotational contours
Results and Discussion: MgTiCl» could be discerned in any of the spectra of gaseous samples.

Selected infrared spectra are illustrated in Figures 1 and 2, Region 3006-800 cnrl. Parts ¢ and b of Figure 1 show a
while Tables 811 give the infrared results collected for the well-defined single band at 2938 and 2176 érfor the gaseous
four isotopomers studied, namely, ds, do, and d, respectively. ds and @ species, respectively; this is attributable to the
Table 12 lists the symmetry coordinates on the basis of which stretching of a single type of€H or C—D bond. While the
normal coordinates are to be described (see also Figure 3). Thebandwidths observed could admit a variation of severaticm
27 vibrations are divided between the four symmetry species in such frequencies, they will also reflect small couplings
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Figure 2. Absorbance IR spectra recorded for isotopomers of W& in
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the region 1606400 cnT?! (a—d) or 1606-200 cnT? (e—Q). (a and e)

1200

(CHs),TiCly; (b) (CH:D).TiCly; (c and f) (CHDR).TiClz; and (d and g) (CB).TiCl,. Spectra ad were measured for samples in the gas phase at
ambient temperature, and-g for samples isolated in an Ar matrix at 14 K.

between the €H or C—D bonds in the (CHB), or (CH:D),
conformers present. The largest coupling in the {81 family

is calculated to be 2.6 cm for two C—H, bonds on the same
side of the molecule; for two €Hs bonds the same calculation
gives 1.0 cm. The DFT/AE calculation predicts an 8.9 cin
difference between thés values for the G-Hsand CG-H, bonds,
reflecting the 0.0008 A difference in their computed lengths
(Table 1), but it is doubtful if this could be accommodated in

modes. The corresponding @Hvands in the ¢ species in
Figure la are unfortunately overlapped by lines of th€H,
impurity band, although both appear to be broad. The same is
true of the vo{CH, band in the d species in Figure 1b.
Absorptions in this case at 2924 and 2911 émay both be
associated withvsCH,, the band being centered at 2919¢m
where there is a weak Q branch. TheR spacing for an
A-type band in MgTiCl; is calculated to be about 12 ¢ so

the bandwidth observed. Within the reasonable error inherentthat interpretation of the observed features as being due to such

in both approaches, the-@4 bonds may be considered to be
identical.

Matrix spectra were not available for the gbecies. For the
d4 isotopomer, the region is partly obscured by strong@H
and CHD; impurity bands (see Figure 1f), but only a single,
sharp shoulder at 2942 crhcould be seen. This evidence
points to the presence of only a single type of i€ bond in
the matrix, as in the gas phase.

Differing C—H bond strengths would of course be reflected
in splittings of thev,dCH3 andv,{D3 bands. The latter is seen
in Figure 1d at 2225 crd, well clear of methane impurity bands,
and is certainly a singlet. Its width is slightly greater than that
of the v.CDs band at 2099 cmt, but this is normal for such

a band is plausible. This would then constitute the only example
of a rotational contour in any of the spectra. However, there
will be a wide range of dipole derivative directions in the various
conformers, as well as some variation in frequency, and other
interpretations of the features near 2920 éiseem more likely.
Since v{CHs levels are normally in Fermi resonance with
20,LCH3z and dLCHjs levels, it is important to identify these
overtone bands. In (C#TiCl, the overtone band due to
20,CHs at 2728.5 cm! is quite strong, in contrast to the
situation in CHTICl3, suggesting a higher degree of Fermi
resonance in the dimethyl compound. The positiod QECH;
near 1375 cmt is identical with that in CHTICl3 (1374.5 cnt?).
There is no sign of a band due t6ZHs. The corresponding
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TABLE 8: Infrared Bands (cm %) for (CH 3),TiCl ,2

N2 matrix Ar matrix gas phase assignment
3526 vw 3522 vw 3518 vw 548 2978= 3526*(A1,B1,B>)
3440 vw 3435 vw 3430 vw 548 2888= 3436*(A1,B1)
3013 vs 3014 vs 3017w CH
2978 w 2978 w ~2967 w VaSCHa, V1 (al), V15 (bl), V22 (bz)
2968 w 2925 sh

2914 vw CH
2882 m 2888 mw 2893.5 mw v<CHa, v (&), v16(b1)
2821w 2820 w 2832 vw CH
2717 vw 2719 vw 2728.5w % 1375= 2750(A,By), FR
2601 vw 2601 vw CH
2330 vw CQ
2182 vw 2x 1086(A)7?
1929 vw 552+ 1375= 1927(A,B1,B2)
1842 vw,br 1840 vw 1840 vw 1375 463= 1838(A,,B1,B>)
1818 vw,br 1824 vw 137% 4517?= 1822*(A1,B1,B2)
1807 vw 1371+ 426= 1797*(A1,B1,By)
1786 vw 1786 vw 137# 424=1795*(A1,B1,B>)
1676 vw 1672 vw 1672 vw 552 1119=1671(A,B1)
1652 vw 1652 vw 1650 vw 137% 2 x 138= 1651(A,B1,B2)
1620 vw 1618 vw 1079 548=1627*(B,), FR
1600 w HO
1569 vw? 1569 vw? 111F 461 = 1580%; 1079+ 483?= 1562*(B,,B,)
1531 vw 1119 424= 1543*(B,)?
1509 vw 1117 398= 1515*(A4,B,)
1475 sh 1492 sh
1467 vw 1466 vw 1473 vw 1374+ 103= 1474*(A1,B1,B>)
1447 vw 1453 vw 0aCH3 + TCH3?
1439 vw 0alCHz + TCH3?
1374.5s 13755s 1379.0 ms 0aCHs, v24(b2)
1368.0 ms 1369.0 ms 1374.5 ms 0aCHs, v3(a1)
1371.5 sh 0aCHsz, v17(by)
1305s 1305 s 1305w CH
1273 vw 1119+ 152= 1271(A,B1)
1119 w,br 1117 w 1119 vw 0<CHs, v4(ar), v18(by)
1079 w 1079 w 1086 vw 552 552=1104(B), FR
1056 vw 576+ 483?= 1059(By)
1008 vw 576+ 429= 1005(A,)
992 vw 570+ 426 = 996*(A1)
954 vw 950 vw 552+ 395= 947(By)
914 vw 2x 461=992*(A1), FR
892 vw 461+ 426= 887*(Ay), FR
852 vw 463+ 395=858(By); 2 x 429= 858(A)

826 vw 823 vw 426+ 398= 824*(B,)

816 sh 548t 2 x 132,138= 812, 824*(A)?

751 vw,br 745 vw,br 548- 2 x 103= 754*(A1)?

698 vw 696 vw 695 vw,br 548 152= 700*(A1)

570.0s 575.5 s,sh VasTiCly, v24(by)
557.0vs 557.5vs 551.5vs VasT1Co, v10(b1)

548 s,sh 548 s,sh vsTiCy, Vs (1)

538 s,sh 395 152= 547(A1)

459.0s 460.5s 463.0s 2 152+ 138= 442*(By), FR

424.0s 426.0s 429.0s pCH3, st(bz)

407.0 mw 413.0m % 152+ 103=407*(A1), FR

393.0s 3975s 395.0 ms vsTiCly, v7 (au)

379 vw,sh 2x 138+ 103= 379*(A1)
338 vw 2x 103+ 132= 338*(B,)?
308 mw,br 305 mw,br % 103=309*(A1)
280 xw,sh 2x 138=276*(A1)

a5 strong; m medium; w weak; v very; x exceedingly; br broad; sh shouldére asterisk identifies data based on matrix frequencies. Only
the more plausible combination and overtone band assignments are given. Unobserved fundamentals are postulated as 488152 A103
cm%; B; 451, 132 cm?; B, 138 cnT?.
fundamentabsCHs is seen at 1119 cm, some 11 cm! higher switch from the gas to the matrix and{CHs; goes up by 11
than the value for CBTiClz (1108 cnt?). It is surprising that cm~1, v.CH; goes down, and both the GDands hardly change
two bands due to the;aand b modes are not found here, as their positions. This creates problems when it comes to the
would be normal for a dimethyl compound. TheCD3 band harmonic local mode calculations discussed below.
in the gas is also a single feature but slightly lower in frequency  The matrix 6.CD3 bands exhibit the expected splittings,
than its CRTiCl; counterpart. Further consideration is given namely, 5.5 and 7.0 cni in the Ar and N matrices, respec-
below to these observations. tively. The computedsCDjs splitting given by the DFT/ECP

The matrixv,CHsz andvsCHs bands are less affected by the force field is only 2.0 cm?, but this rises to 11.3 cm for
neighboring absorption of methane impurity.{CHs; appears 0sCHs, as recorded in Table 13. An even larger splitting would
as a narrow singlet, as doegCDs. The frequencies are strange, therefore have been expected in the spectrum of the normal
however, in that, whereagsCH increases slightly with the  methyl compound. A plausible explanation of why this is not
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TABLE 9: Infrared Bands (cm %) for (CD3),TiCl,

N2z matrix Ar matrix gas phase assignmient
3229 vw 3226 vw 3227 vw 222% 1007= 3232(A,B1,B2)
3221 vw 3220 vw
3092 vw 3090 vw 3100 vw 222% 878= 3103(A,B1,B)
2725 vw 2725 vw 2722 vw 222% 502,497= 2727,2722(A,B1,By)
2596 vw 2590 vw 2589 w 2096 502,497= 2598,2593(A,B1)
2567 vw 2226+ 342,349= 2568,2575*(A,B1,B>)
2374 vw 2102+ 2 x 133?= 2368*(A1,B1)
2332w cQo
2258 vw 2256 vw 2257w Cb
2246 vw 2246 vw
2223 w 2226 w 2225w VaDs, v1 (&), v1s(b1), v22(b2)
2123 vw 2126 vw 2122 vw 4 533(A0)?
2103 w,sh
2103.0m 2101.0ms 2099 v<CD;, v2 (&), v16(b1)
2101.0m 2093
2076 vw 2078 vw 2083 vw,sh % 523*(Aq)?
2004 vw 2x 1007(A,B1,B,)
1619 vw 1625 vw
1609 vw 3x 533,523(B)
1578 vw 1593 vw 1585 w,
1562 vw 1560 vw 2x 533+ 501= 1567*(A)
1542 vw 2x 523+ 501 = 1547*(Ay)
1393 vw 1390 vw,sh 878 521=1399(B)?
1375 w,sh 1376 w,s 1006+ 374 = 1380*(A1,B1,By)
1368 w,br 1369 w,b 1368 w,br 878502,497= 1380,1375(A,B1)
1362 w,sh 1363 w,s 1006 364 = 1370*(A1,B1,B>)
1345w 1345w 1006~ 349= 1355*(A,B>)
1289 vw 1287 vw 2x 494+ 404= 1392*(Ay)
1265 vw 1268 vw 1267 vw 100F 2 x 133=1273(A,B1,B2)?
1233 vw 1234 vw 1235 vw 878 364= 1242(A,B1)?
1223 vw 1223 vw 1221 vw,sh 878 340,342=1218,1220(A,B1,B)
1211 vw 1209 vw 1207 vw,sh 100F 2 x 102=1211(A,B1)
1089 vw CD?, 2x 533=1066(A), FR
1032 vw 1035 vw 2x 523=1046(A), FR
1009.0 ms 1008.0 m,sh 1007 m 635CD3, V3 (al), 'V17(b1), 1/23(b2)
1003.5 ms 1003.5 ms
982 vw 982 vw 2x 494 = 988*(A1); 876+ 102= 978*(A1,B,)
931w 932.5w 937 vw 53% 403=934(B)
930 w,sh 923 vw 526- 403=929(By)
907 w,br 907 w,br 533 374=907*(A1)
895 w,br 901 w,br 896 w,sh 501,494404 = 905,898*(A,B1)
879.0 m 878.5 878 mw (35CD3, Va (a]_), Vlg(bl)
872.0m 873.0
863 w,sh 861 w,sh 494 364 = 858*(B,)
835 vw 494+ 342= 836*(A1)
760 w,br 403+ 364=767(A)
749 vw,br 749 vw,br 403- 349=752*%(By)
632 vw,br 638 vw,br 626 w,br 502 133= 635(Ay); 497+ 133= 630(A1)
604 vw 499+ 105= 604*(A1)
563 w 565.5w (CE)2zZn
548 mw 550 mw
529.0vs 532.5vs 531 vs,sh 4083125=528(By), FR
519.0vs 522.5vs 520.5vs VasTiCly, v24 (b2), FR
513 sh 404+ 105= 509*(A,), FR
499.0s 501.0s 502.0 s vsTiCo, 5 ()
494.0s 494.0s 497.0s VasTiCZ, V19 (b]_)
468 w,sh 470 w,sh 470 w,sh 364102= 466(A1); 340+ 125= 465(A1)
446 vw 340+ 102= 442(B,); 342+ 102= 444(B))
415w 349+ tCD3?
400.5ms 403.5ms 403.0 ms vsTiCly, vg(ay)
388.0m 390.0m 395m 2 133=399(A), FR
373.0m 373.5m 375m pCDs, v25(b2), FR
347.5m 348.5m 340 mw 138 125+ 102= 360(B,), FR
306 w,sh 3 x 102*(Ay)
294 mw,br 294 mw, b ternary includingDs?

a Asterisks indicate data based on matrix frequencies. Only the more plausible combination and overtone band assignments are given. Unobserved
fundamentals assumed are 364, 133, 102 cm; B; 342 cntl; B, 125 et
observed is that the band due to the lower enesgydde,vs, that found in CHTICls. Such a value fow;g is close to what
is in strong Fermi resonance with a combination level, producing would be expected, namely, 1094 chif the actual A—B;
both the observed band at 1086 ¢nand a feature of higher  splitting is more than twice that predicted by the DFT/ECP force
energy coincident with the band due to thefendamental, field, as the matrix data for thegdspecies suggest. The
at 1119 cm®. A value for the unperturbed;s of 1097 cn1?t unperturbed combination level would then need to be in the
would give an averagé{CHs value of 1108 cm?, equal to range 11081111 cntl,
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TABLE 10: Infrared Bands and SQM Predictions of 16), but there is some variation of relative intensity from the
Average Vibration Frequencies for (CH,D).TiCl, MP2 calculations to the DFT ones.
VobdCM™12 VpredCM 1 P and assignment Inspection of the glspectra in Figure 2a,e shows a very strong
~2964 m,br,dl V1 2965.3(6)y2 2964.0(12)paCH, band at 551 cm! (g = gas) or 557.5 cm' (m = Ar matrix)
2925 with a strong shoulder at 571 crh(g) or 570 cnt! (m). These
2919] m, A-type?? v32905.8(23)y4 2903.6(20)vaLH, are well explained if the lower frequency band arises from both
2911 vs andvig, While the higher frequency one is dueitgy. The
2726 vw 2176+ 546 I .
2673 VW 2% 1344 combination banas + v1g (B1) W|_II_ then be expected at about
2367 vw 2% 1185 1102 cmt (g), close to the position needed for the supposed
2176 mw v52168.2(189, v6 2166.4(243; vSCD level in resonance withig (b1). vs, v19, andv,4 would then lie
1721 vw,br 1185+ 562,548,533 very close to the positions predicted by both DFT calculations.
121573 mg: Eﬁi j(1:3H3§’72 The only difficulty remaining lies in understanding why the
1344 m . 1351.8(1;)?3 1346.4(34)pCH,D () matrix frequency of the lower energy component in the Fermi
1185 m 9 1179.8(35)y10 1173.8(15)pCH;D (a') resonance (1079 Cl’ﬁ) falls below the gas frequency (1086
1099 w,br 2x 562,548,533 cm™Y) when at least one of the two fundamentals involved,
1033 vw,br 11 1040.7(16)12 1032.4(24)pCH,D (&) andwvig, rises. The alternative of assigning one of thgvig
944 vw,br combination or overtone pair to the shoulder at 538 crh(g) is less satisfactory, since it
ggg z‘é"'br Vi‘g’?gf‘&g%?ﬁig“’l%r_t;)(%%)yls 533.8(80); makes for even greater difficulty in explaining the 1100-¢m
518 sh} VaTiCo, v<TiCo, vaTiCls region; it is also hard to account for a rise of 10@nmwith the
461 ms 16 470.1(119) p17 444.6(138)pCH.D change from gas to matrix. A combination in weak resonance
v15409.8(90) 119 378.7(34) 120369.8(32); with eithervs or vig seems a preferable explanation for the 538
vsTiCla, pCHzD _ _ cm~1 shoulder.
Zi; igégg%zz Eggggg#@fﬁﬁ&cz With regard to the gmatrix spectra, the region between 550
V25 105.8(4):0sTiCl, and 500 cm?! includes four well-defined absorptions plus an
126 100.5(17)zCH.D(by) additional shoulder (Figure 29), all having their counterparts in
v27 73.5(11)7CH.D(2) the gas spectrum. An explanation must invoke extra combina-

aGas phase, omitting bands due to £&hd CHD. ® Weighted tion or overtone bands. The pair 501, 494 ¢nim) or 502,
average for the four conformers present, calculated from the scaled497 cnT! (g) seems very close to the DFT-predicted positions
DFT/ECP force field. The uncertainties in parentheses indicate the for vs andvie. v24 is predicted to be about 30 crhhigher,
range covered by the four conformers. The mode numbering takes noyith twice the intensity of eithers or ;5. However, not one
account of any symmetry present in a particular conforh@mong but two very strong bands are found near 525 &fior both

closely spaced modes there is frequent crossing of coordinate descriptior}h d trix. If th to b = - fi .
between conformers. The modes near 1350, 1180, and 1040acen € gas and matrix. ese are 1o be a Fermi-resonating pair

best described by reference to the local,DFi point group,Cs. 9 ol involving vz4, we will require a B combination level at about

= overlapped by methane linesComputed value< 1.011 for a better 527 cntl,

comparison with observed frequencies. In assigning the bands observed in the range-88D cnt?,
The bending modes of the GH and CHD groups in the g where four fundamentals are expecteg),v7, v2o, andvzs, for

and d species, respectively, are shown by the calculations to Poth the dand d species, we need to be guided by the predicted
be highly localized within each methyl group, varying only little  infrared intensities. Of the four bands concerned, only two
from one conformer to another. In thespecies, pairs of modes ~ Should exhibit appreciable intensity, namely,andvzs in the
occur near 1344 (g 1185 (&), and 1033 cm! (&), all observed o species ands and vzs in the d; one. v7 (do) andve (dg),

in the spectrum of the vapor, while similar pairs occur in the d - Which arevsTiCl, modes, are both predicted by the DFT force
species at 1229 (3 1080 (&), and 934 cmt (&). The first fields to lie close to 400 cri, and bands are found within 5

and last of these are appropriately described@s$1, or 6:CD, cm* of these positions. The second strong band of the d
modes, but for the rest reference only to the local symmetry, SPECies iss, predicted at 437 (DFT/AE) or 434 cth(DFT/
Cs, is preferable. ECP). In the gas as well as the matrix spectra, however, we

Inspection of the SQM predictions in Tables 13 and 14 shows find two prominent bands at 463, 429 cin(g) or 461, 426
that there is, thus far, nothing to choose between the variousCM™* (m). The band at higher frequency is significantly
force fields, but this merely reflects the fact that the relevant displaced from the predicted positionsigfandvzo, and again
scale factors have all been refined to the same experimentaWe find it preferable to postulate another Fermi resonance
data. involving a B; level, in this case,s. The bands due tes and

Region 600-300 cnt™. In this region, where the methyl ~ v20 We consider to be near their predicted positions of about
rocking fundamentals couple with the various skeletal stretching 480 and 450 cm' and too weak to be observed. Such a view
vibrations, giving a series of closely spaced modes, we areis supported by slight evidence from some combination bands,
entirely dependent on predictions made on the basis of the scale2s listed in Table 8. A minor resonance is also likely to be
factors in MeTiCh. It is therefore disconcerting to find some ~ responsible for the additional weak peak at 413 &(m), which
quite large variations from one approach to the next. However, shifts plausibly to 415 cm for the ¢ compound isolated in an
there is substantial agreement on a number of aspects. TheAr matrix.
calculations all predict that the mode highest in frequency in  With the & species, theogCD3; modesvy, vy, andvys are
both the d and & species 324 (b2). In the & species this is expected to occur between 365 and 340 &rbut only vz and
a coupledv,sTiClo/pCHz mode, whereas in thes&pecies it is v2s, both near 360 crt, should have observable intensity in
nearly allv,gTiCl, (Tables 13 and 14). About 20 crhlower infrared absorption. Three bands of medium intensity are found
come the twovTiC, modeswvs (a) and vig (b1). These in fact, although the two at higher frequency are outside the
essentially coincide in the DFT and MP2 treatments of both predicted range. Yet more resonances have to be envisaged.
the d) and ¢ species. All three bands due to these modes are The source of their intensity may be either the bands dug to
predicted to be intense in infrared absorption (Tables 15 and andv; (wherever the latter may lie) or the band duetg in
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TABLE 11: Infrared Bands and SQM Predictions of Average Vibration Frequencies for (CHD,),TiCl ,

VopdCm 12
Nz matrix Ar matrix gas phase vpredCM™ P and assignmeht
2942 sh 2942 sh 2938w V'8 CHs 2938.0(5) CH,2934.8(129
~2646 vw 2222+ 4207?; 2146+ 500?
~2525 vw 2146+ 3797
2447 vw 2x 1229
ol ol 2222w v32218.2(6) 4 2217.1(3) 2D,
2147 sh 2158 sh 2164 gh 2 x 1080,v52121.1(22),
2137 w 2141 w 2146 { 16 2119.3(16)vsCD>
2132w
1588 vw,br 1585 vw,br 1594 vw 1086 5267
1544 vw, br 1086+ 4647
1329 vw 1337 vw 12351027
1303 sh 1305 sh 1300 w, br 1229tCHD; (ap, by)?
123258 123458 1229 m v71230.2(17),
1224 sh 12255 m v 1225.3(16)PCH (a')f
1155 vw 1157 vw 107# tCHD; (by)?
1077 sh 1077 sh 1080 w v91075.7(38)¥101071.0(37)CH (d)"
933w 932 w 934 w 111 935.2(8)
917 w 928 w 112 931.6(9);0sCD; (a)f
622 sh ?
545.5vs 547 vs 539 5 113 550.3(79)vasTiC2
531.5ms 531.5s 114 530.8(92) wasTiCl>
524 vs 521 vs 526 v 115 516.9(74)wsTiC,
520.5vs
516 sh 515 sh
505 sh
475 sh 490 sh
455 sh 455 sh
437 w 440 w v16427.3(252
417 mw 419 m 418 ms 117403.0(231),
411 sh vsTiCly, pCHD, vsTiC,
397w 398 w g
387w 389 vw 383 ms v18 385.4(139
373w 374w
356 vw 357w V19 362.5(94);0CHD,
346 w 347w 120 351.0(56);0CHD,
304 sh
294 w,br 296 w,br 3k 102

v21 145.2(8),v22 139.2(15); WTiG, JsTiC»

23 125.5(18),124121.3(19);0TiCy, 7TiC2

Vo5 1051(2),65T|C|2

V26 90.4(15) TCHD, (bz)

Vo7 659(5),TCH D2 (BQ)

aExcluding bands due to GB, and CHD. ® Weighted averages for the four conformers present calculated from the scaled DFT/ECP force

field. The error limits indicate the range covered by all conforme8ee footnotec in Table 10.9 The error limits here indicate the extent of
coupling in the (CHD,), and (CHD.), species, where thetdtoms are on the same side of the skeletal plaReobably includes CHD, absorption.
fBased on locaCs symmetry.9 Combinations involving modes below 150 thalso expected here.

which case the levels involved have the representatipiorA 13 and 14, even if the agreement is less good on a percentage
B.. Since the calculations puts in the range 353359 cntl, basis. As noted previously, though, the methyl torsions vary
we suppose the pair observed at 375, 340%(qg) or 373, 349 considerably.
cmt (m) to derive from B levels. The band at 395 (g) or 390 Comparisons between Tables 14 and 15 show signifiggnt d
cm™! (m) may then be a combination of either, Ar B; ds shifts in all the modes except, which is expected in the
symmetry, leaving; unobserved or obscured by the 375¢m  range 102106 cnt™. 3wg is therefore the likely source of the
band. As with the glbands due tas andv,,, we believe the broad weak band near 300 cindisplayed by all the matrix
fundamental bands associated with the;C@cking modes/; spectra. However, the H/D shift observed, 305294 = 11
andvyo to be unobserved in our spectra. Again, there are severalcm™, is substantially greater than the 4 chpredicted for 3.
combination bands at higher frequencies which suggest funda-The most likely explanation is a Fermi resonance in tge d
mental levels near their predicted positions of 364 and 342cm  species involving an Alevel to higher energy. There may also
(Table 9). be several transitions contributing to the band for either or both
With respect to the gand d, species, the spectra in this region the d and ¢ species. An alternative assignment of the 305
are, as might be expected, more complex. There are considercm=! band to 25 (2 x 152 cnt?) is ruled out by the 40 crt
able variations in frequency and in the descriptions of the normal shift this must undergo on deuteration.
coordinates from one conformer to the next, and individual  Table 8 shows that postulating two Aundamentals at 103
assignments are out of the question. and 152 cm? explains pleasingly the matrix band at 413¢m
Region below 200 cmt. Despite the problem of deciding if there is a weak resonance with the strong band due &t
which scale factors to transfer from MeTiCWhen a particular 398 cntl. The B resonance suggested above for the bands at
approach requires different factors ®FiC andoTiCl; motions, 463 and 429 cm! (g) can then stem from a combination level
there is quite good absolute agreement between the various2 x 152+ 138 cntl, where 138 cm! is the supposed value
predictions for the skeletal bending modes, as recorded in Tablesof v, down by 11 cm? from its predicted position. Two times
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TABLE 12: Symmetry Coordinates S for Me,TiCl ,

number coordinate 1/N2b description
A 1 1 —rp—r3+2ry—rs—rg 12 vadCH3 CHzasym str
2 ri+ro+rst+ra+rs+re 6 vsCHjs CHssym str
3 D; + D, 2 vsTiC, TiC sym str
4 Ri+ R 2 vsTiCl, TiCl sym str
5 200 — 0 — 03+ 204 — 05 — O 12 0aCH3 CHzasym def
6 ot o+ ozt oyt a5+ as 6 (35CH3 CHgsym def
7 2ﬂ1 - ﬂz - ﬁg + 2ﬁ4 - ﬁ5 - ﬁe 12 pCH3 CHsrock
8 y 1 0sTiCy TiC,scis
9 o 1 OsTiCl; TiCl,scis
A, 10 rp—r3—rs+rg 4 valCH3 CHzasym str
11 02— 03— 05+ Qg 4 0aCHs3 CHs asym def
12 ﬁz — ﬂg — ﬂs + ﬁe 4 pCHg CH3 rock
13 Y 18(OHCTICI) (i=1, 2) 18 7CH;3 CHgstorsion
14 €1_€— €3t €4 4 ‘[TiCz T|C2 twist
B 15 Xi—ro—r3—2r3+rs5+r1g 12 vallHs CHzasym str
16 rit+rotrs—ra—rs—rg 6 v{CHjs CHzsymstr
17 D; — Dy 2 VasTiCo TiC, asym str
18 2(11 — 02— 03— 2(14 + (033 + (073 12 5a5CH3 CH3 asym def
19 ot ot os— 04— 05— Qg 6 OsCH3 CHgsym def
20 2B1—P2—Ps— 264+ fs+ P 12 pCHjs CHsrock
21 €1t e —€3— ¢4 4 pTiCz TICz twist
B, 22 rp—r3+rs—rg 4 vadCH3 CHzasym str
23 R — R 2 VaslICl3 TiCl, asym str
24 o — O3+ 05 — Qg 4 0aCHs CHsasym def
25 ﬁz — ﬂ3 + ﬁs — ﬁe 4 pCH3 CH3 rock
26 Y o(OHC,TICl) — Y o(OHC,TICI) 18 TCH3 CHjstorsion
27 €1— €t e3— ¢4 4 WTICZ TICZWag

a|nternal coordinates as in Figure BN = normalization factor.

H, TABLE 13: SQM Predictions of Vibration Frequency
He Y/ (cm-3) for (CH3),TiCl,
Q,
“ A\ Cz\ﬁs DFT/ECP DFT/AE  MP2/ECP
Hsr =\ e, R mode v Av? PED v v
Bs Y . e Cl,
V( Ti \\\\\“)6 Ax 1 2965.0 104 108 2962.5 2971.1
\ 2 28705 24 108 2868.7 2860.0
. B2 \_E/z R Clz 3 1377.7 3.1 98 1377.7 1377.6
Hy 2~ D 4 11190 9.2 10% 1119.0 1119.0
o L2Cy )8 5 5532 92 76, 14S 551.6 564.6
H r H‘ 6 475.0 6.0 28, 735, 483.3 476.8
3 1 7 398.5 1.6 864 400.0 391.8
Figure 3. Internal coordinates for M&ICl, used in the normal 8 1589 34 10% 153.0 158.5
coordinate analysiss, €z, €3, ande are the changes in angles between 9 1060 03 10% 106.3 102.6
the pairs of bonds [R;, DiR», D2R;, and DR, respectively. A2 10 29632 106 1@ 2956.6 29716
11 13717 3.2 981; 1373.2 1368.6
. .. . 12 486.6 34 9 488.9 491.4
a fundamental at 138 crin combination with 103 cm' also 13 1314 25 lglé 1005, 1344 138.2
accounts exactly for the very weak band at 379 &mThe 14 845 0.0 16, 10655 69.3 91.6
further very weak band at 338 crhmight involve either this B: 15 29655 10.6 1(Bs 2962.9 2971.6
same B mode or else the Bmode predicted at 132 crh 16 2868.7 2.4 108, 2867.1 28585
If the B, modewvyg is at 138 cmt in the d) species, then it 17 1367.6 32 9B 1367.4 1369.6
hould occur at about 125 cthin the d; isotopomer. This is 18 11077 99 %% 1106.7 1106.1
S P : 19 5519 97 78711Se  555.0 569.9
just where we need ajBevel to account for the postulated 20 451.0 35 16, 915y 451.3 454.0
Fermi resonance withy,4, producing the bands at 531 and 521 21 1300 13 108y 132.7 131.1
cm ! (g). We can also account for the pair at 375 and 340 Bz 22 29663 10.6 108 2959.6 29753
cm~1(g) in a similar way. The former resonance will of course %2 12;529-8 Sé ggzz“ ass, 1537729&-38 1g§;-§
. . 3y 5 . .
occur all the_ way up the stack of levels,d, 3va4, 4v24, etc., 25 4339 10  68s 555 437.2 4265
with a steadily increasing resonance parameter, and the com- 26 1489 22 9%, 1495 149.6
plexity of the spectra around 1600 ctnmay well arise from 27 1165 0.1 10% 103.4 134.5
this cause.

. . . . . a2 Frequency shift(12CHs),TiCl, — v(33CHs). TiCl,. P Diagonal terms
We have not so far invoked either the infrared-inactive A i, the pcz)tentigl ene(rgy d?gztributzioav§0%.3)2 2 9

modevy3 or the two methyl torsions. The combinations most

likely to arise from these are the torsions plugMe and Methyl torsions usually rise in frequency with the switch from
d0aMe levels. Methane absorption obscures the regions wherethe gas to the condensed phase, so that if the 1468 band

the vadCHs, vaD3, and 6,CD3 combinations would be ex-  (m) does involve a torsion, then the 1473 @mband (g)
pected, and the only bands seen which might involve the torsionsprobably does not.

are those at 1466, 1453, and 1439 ¢éndisplayed by the ¢ While the amount of H or D motion in the skeletal bending
species and which could represent the levels 13733, 80, modes is small, it is enough to cause crossing over of assignment
and 66 cml, respectively. 1373 103 cntlis also expected  in the pairs of d or d; bands near 145 and 130 ci(d,) or

in this region and may appear as the 1473 &€rhand (g). 140 and 126 cmt (ds). Nevertheless, the motionkTiCl,,
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TABLE 14: SQM Predictions of Vibration Frequency TABLE 16: QM Predictions of Unscaled Frequenciesm in
(cm™1) for (CD3),TiCl, cm1, and Infrared Intensities, A in km mol~1, for the
IR-Active Bands of (CDs),TiCl,
DFT/ECP DFT/AE  MP2/ECP e e
mode v Ar? PED v v
A, 1 22167 147 108 22145 22223 mode  wecr Aece  wae  Aae  @ecr  Aece
2 2076.2 3.7 10% 2077.1 2066.0 A 1 22442 0.4 2246.0 1.1 23535 0.0
3 10004 3.7 99 1000.0 999.7 2 21018 1.1 21064 0.8 2187.0 21
4 8829 144 1%,93% 882.1 892.5 3 9917 5.7 1005.4 8.1 1035.1 4.4
5 5051 48 6%, 21 503.5 509.4 4 877.6 15.1 898.4 14.3 901.3 18.7
6 401.7 3.8 28,545,105  404.1 399.1 5 5079 655 4997 764 5219 744
7 3575 3.0 28,74 363.7 357.7 6 395.8 13.0 397.1 11.8 408.5 21.1
8 1387 20 15,97 133.3 137.6 7 351.2 1.9 360.7 3.8 339.6 0.3
9 1046 04 9& 105.0 101.2 8 137.2 0.0 128.6 0.0 135.7 0.1
A, 10 2216.9 149 10&o 2211.5 2222.4 9 1018 1.2 100.8 21 1032 1.8
11 9964 3.7 98 997.2 993.2 B: 15 22456 0.1 22473 0.2 2355.2 0.0
12 3712 35 8% 372.7 375.6 16 2100.2 4.2 2104.9 3.6 21854 7.6
13  116.7 15 195 10054 119.8 121.3 17 984.6 3.7 998.1 5.5 1028.7 3.1
14 60.3 0.0 10%s 49.4 65.9 18 876.3 25.3 894.9 24.2 900.1 20.8
B; 15 22181 148 1(s 2215.8 2224.0 19 503.3 56.1 499.7 63.7 520.5 44.7
16 2052.1 3.7 10%s 2075.1 2064.5 20 336.7 0.0 345.5 0.0 3194 0.4
17 993.3 3.6 983 992.6 993.6 21 122.2 15 120.9 29 123.6 3.2
18 880.9 151 189 885y 879.2 890.4 B, 22 2246.3 2.1 22448 3.9 2358.3 0.6
19 4972 55 784 115, 499.6 508.3 23 992.5 9.8 1006.4 14.0 1034.0 9.0
20 3412 27 9% 342.3 342.3 24 519.7 119.6 516.2 133.6 548.2 166.9
21 1232 09 98 125.8 124.6 25 349.1 10.5 358.4 10.9 335.8 13.5
B, 22 22188 148 1% 2189.2 2226.9 26 133.2 0.6 129.9 0.4 133.7 0.3
23 10012 36 98, 1000.9 999.0 27 79.4 0.0 62.9 0.0 104.3 0.0
24 5321 1.0 683 1255 531.6 542.0
25 3554 24 285 825 359.4 353.0 symmetry force constants on which the predictions in Tables
2 828 00 10%. 735 95.9 Three additional kinds of information are normally utilized
2 Frequency shift(2CD3),TiCl, — v(*3CDs),TiCl,. ® Diagonal terms to establish the origins of vibrational bands.
in the potential energy distribution 10%. (i) Raman spectra would of course help to identify A
TABLE 15: QM Predictions of Unscaled Frequenciese in transitions .through the pola.rlzatlon properties of the lines
cm-L. and Infrared Intensities, A in km mol -2, for the characterizing the molecules in the fluid phases. However, the
IR-Active Bands of (CHs),TiCl, formidable experimental difficulties experienced in attempting
DET MP2 to measure useful Raman spectra for MeZFi€liggest that
similar experimental results may be impossible to obtain for
mode Wece  Aece  Wae Ae  wece  Aece the more reactive and thermally sensitive Vi€l..
A1 3034.7 2.0 30377 4.4  3180.5 0.1 (ii) The second kind of information normally available is

2937.7 04 29413 0.1 30606 15 provided by the more or less well-resolved contours of the
ﬁgg'? g'zlt ﬁjg"l" 1§'$ ig;"g g? infrared bands of gaseous samples. As noted above, only one,
) ) 5494 839 5773 807 Very dubious contour was recorded in this work, namely, for
471.0 1.0 485.8 0.0 453.7 8.8 the band of the gspecies at 2919 cr# (Table 10). A possible
388.7 19.7 387.0 220  401.2 21.7  reason why recognizable envelopes were so scarce in our present
1574 00 1472 00 1567 0.0 spectra is a proliferation of hot bands resulting from the many
B, 15 3%)%:;22 %‘% 3%%%'.% 2123 311%%% 10'?1 low-lying skelef[al and torsional levels. In addi'gion, many
16 29359 31 2939.6 23  3059.1 8.8 molecules are likely to be in states above the barrier to methyl
17 13556 7.1 13750 9.9 1416.3 5.6 internal rotation.
18 1098.3 8.6 1129.3 85 1113.2 6.8 (iii) A third source of information is thé3C frequency shift,
19 5594 744 5546 79.7 5837 613  which in favorable circumstances may be able to distinguish
gg ‘1“2‘2-; (1)-2 ‘Ig?g S-‘ll ‘l%g-? gé fundamentals from combination or overtone bands. Where
B, 22 30360 62 30347 115 31849 »5 Fermi resonance exists, conservation™¥ shift during the
23 1367.5 17.5 1387.5 241 14244 165 perturbation should be maintained. Tables 13 and 14 include
24 5609 883 566.2 96.1 578.4 136.1 the shifts calculated from the DFT/ECP force field, and these
25 4246 439 4291 524 4173 45.2  should provide a useful guide to assignment whlabeled
26 1473 09 1435 07 1512 03 samples of (CH);TiCl, become available. Chlorine isotope
27 111.6 0.0 88.2 0.0 143.9 0.0 shifts have also been calculated, but these were found to be too
small to be detectable in the sort of spectra we have measured.
WTiC,, pTiC, and tTiC, tend to remain distinct in each Harmonic Local Mode (HLM) Treatment and Structure
conformer, without mixing. of the Methyl Group. To extract information about the
General Force Field. It will be apparent from the preceding H—C—H angle in the methyl group (assumed to h&gglocal
discussion that the tentative assignments proposed assume thaymmetry), it was decided to utilize the interaction constgnt
the predictions based on the DFT force fields are reliable in all determined in the complete DFT/AE force field, with a
respects except for the,Bkeletal bending fundamentas, correction of 0.008 aJ 2.
which we place about 11 cmh lower than its calculated value. Refining to the solitarySCH value of 2938 cm!, thevCH
It seemed premature to rescale either of these force fields atandvCD frequencies are shown in Table 18 for four different
the present time until firmer evidence was available. We have H—C—H angles (107, 108, 109, and T)@&nd for two values
therefore merely listed in Table 17 the scaled DFT/ECP of f'y (0.022 and 0.03 aJ&). Bearing in mind the breadth of
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TABLE 17: Scaled Symmetry Force Constants for M@TiCl, from the DFT/ECP Calculation?

S
Az 1 4.7463
2 0.0030 4.7850
3 —0.0063 0.0660 2.0384
4 0.0062 —0.0097 0.2111 2.5325
5 —0.1416 0.0002 0.0034 0.0003 0.4938
6 0.0052 0.2132 —0.1503 —0.0701 0.0002 0.7667
7 0.1339 —0.0017 —0.0180 0.0298 0.0276 0.0084 0.1587
8 0.0666 —0.0157 —0.0090 0.0329 0.0187 0.0150 0.0456 0.4891
9 —0.0126 0.0163 0.0129  —0.0599 —0.0094 —0.0235 0.0257 0.0887 0.3882
Az 10 4.7324
11 —0.1450 0.4873
12 0.1228 0.0283 0.1621
13 —0.0030 —0.0021 0.0036 0.0017
14 —0.0304 0.0033 —0.0595 0.0009 0.3591
B 15 4.7402
16 0.0080 4.7804
17 0.0054 0.0798 1.8336
18 —0.1394 0.0000 0.0028 0.4859
19 —0.0078 0.2102 —0.0736 —0.0001 0.7338
20 0.1161 —0.0028 0.0382 0.0264 —0.0143 0.1548
21 —0.0289 —0.0234 —0.0356 —0.0030 0.0429 —0.0207 0.3733
B> 22 4.7443
23 0.0066 2.2789
24 —0.1399 0.0034 0.4921
25 0.1239 0.0751 0.0302 0.1762
26 —0.0006 0.0011 —0.0018 0.0013 0.0029
27 —0.0627 —0.0967 —0.0102 —0.0437 0.0021 0.3910

a Scale factors transferred from MeTixcept those for theCH, 6. CH; and 6<CHs coordinates, which were refined to MeCl, gas-phase
data. Units aJ A2, aJ A rad?, and aJ ratf.

TABLE 18: Harmonic Local Mode (HLM) Calculations for Me ,TiCl,, Fitting v'S(gas)= 2938 cnt!

OHCH
107 108 109 110°
group Vobd &P (1) & (2) &b (1) &P (2) & (1) &’ (2) &P (1) & (2)
CHs 2967 4.8 6.9 3.2 5.3 1.6 3.7 0.1 2.2
2893 10.9 5.6 15.0 9.8 19.2 14.0 23.4 18.1
CDs 2225 5.4 7.0 3.1 4.6 0.8 2.3 -1.5 0.0
2096 0.4 —3.4 6.1 2.3 11.8 8.0 17.4 13.6
CH.D 2964 1.8 3.9 0.2 2.3 ~1.4 0.7 2.9 -0.8
2919 7.5 5.1 9.4 7.0 11.2 8.8 13.0 10.7
2176 0.3 -0.3 1.0 0.4 1.8 1.1 2.5 1.9
CHD, 2938 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2222 2.4 4.0 0.1 1.6 22 -0.7 —45 -3.0
2146 11.4 9.0 14.8 12.4 18.1 15.7 215 19.1
parameter
wr 40.9 29.8 47.4 38.9 52.8 45.9 575 51.5
Aani® 10.6 15.9 6.5 11.7 2.3 7.5 -1.9 3.4

a Gas-phase data/cthuncorrected for Fermi resonandes, = vops — veale Computed’CD x 1.011 to offset anharmonicity. (1) and (2) denote
results forf’, = 0.022 and 0.03 aJ &, respectively® Assumed doubly degenerateMean of two peaks® Center component of three peaks.
f Fermi resonance parameter (¢t 9 Anharmonicity difference 2« ,&CHz — 26,CHs° (cm™).

thev,CH3 andv,{CH, bands observed, the reproduction of these methyl group are around 32 and 12 chrespectively?* For

is quite good at 10%for f', = 0.022 aJ A2, but the reproduction MeTiCls, the 9.2 cm? shift in v{CH3 suggested above (see Table
of the better defined,{CDs band is distinctly poor at 107 and  7) impliesW = 38.1 cnt! and Agnn = 12.9 cnl,

11C°. ThevsCD value is best reproduced with an angle of 07 For the dimethyl compound, calculation &fnninvolves the

but the 2 cm® error at 109 is certainly within the accuracy of  additional difficulty of what value to use fay,{CHs. Here we
the frequency measurement and also within the likely error opt for an average of 1375 crhbased on the observed spectra
associated with the correction factor of 1.011, which had been together with the best predictions of all four modes as given in
applied to allow for the effects of anharmonicfy. There is a Table 13. The large value &% and the negative value d&nn
rather wider choice of angle with respect to the calculated posi- at 110 rule out an angle as large as this. At 1@hd withf',
tions of the symmetric stretching modes for £8Ds, and CH = 0.022 aJ A2, Wis still uncomfortably high andannlow. W
moieties. At 110 the errors are 23, 17, and 13 cthrespec- is markedly reduced i, is allowed to rise to 0.03 aJ &, but
tively. These have an important effect on the resulting Fermi then thev,dMe data are poorly fitted. While the frequency data
resonance corrections, as reflected in the resonance parametdor the 6,{CH3; overtones are very similar for the mono- and
W and also in the anharmonicity defidMann= 2 x 0,CH3 — dimethyl compounds, there does seem to be a real change in
20.CHs°. These last quantities are shown in Table 18 for each the overtone intensities relative to thgCH; band, suggesting
choice of angle and',. Typical values folW and A for a thatW is higher in MeTiCls.
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TABLE 19: HLM Calculations for Me ,TiCl, Fitting Me;M compounds (M= Zn, Cd, or Hg¥® suggest that the
vSCH(matrix) = 2942 cnrt gradient of such a plot may be applicable, if not the intercept.
OHCH= 107 109 111 A decrease of 07in the H-C—H angle would then be
frlal A2= 0022 003 0022 003 0022 003 anticipated on going from MeTiglto Me,TiCl..
group Vobd € € € € € € (i) A second method is to use the observed ratidCHs/
CH, 2978 11.7 13.8 8.6 10.7 5.6 7.6 vaD3, which is miIdIy sensitive to the H_C—H angle. This
2888 20 —-32 103 51 187 134 approach has the disadvantage of requiring the rather accurate
CD; 2222 34 49 -1.3 03 -58 -43 location of the band center for each of the two bands concerned;
t 2101 26 -1.2 140 102 253 215 jtalso involves the assumption of a correction factor to allow
parameter .
w/em-t 183 404 289 530 457 for_ the effect_s of angarmonlmty. In_ trr:_e c%‘s;_ehothe;EFGhe
Aanrfem? 21.0 262 127 17.9 43 96 ratio gave quite good agreement (within Q.With the electron
. ) ) diffraction* and computeti!® values of the H-C—H angle. In
Observed in argon matrix. the present case of MECI,, however, the two bands concerned

are not sufficiently well defined, especially that duevtgCHs,

The other resonances likely to be present invoivéDs, and according]y no meaningful estimate of the &-H angle
vCHy, vaCDy, and vCD; in the o, d», i, and d species,  Can be made in this way.
respectively. The absence of bands associated with the overtone (iii) The third method depends on the overall fit in a harmonic
or combination levels concerned prevents further exploration local mode analysis, as discussed above. The angle o109
of these. However, we note tha§CD; at 2222 cm! lies 3 1° that this procedure yields for ME&ICl; (q.2.) means that we
cm1 below v, CDs at 2225 cni?, a common feature that has ~ are predicting a decrease of abotiii H—C—H from the best
previously been recognized as due to a resonance in the forme®b initio estimate in MeTid. Although the changes concerned
with the combinatiodCH (A’) + 6CH (A"), calculated here ~ here are small, it is interesting to note that a typical comparison

to lie near 2309 cmt.25 In the HLM approximationy.CDs of ab initio and+SCH predictions of bond length shows that,
andv,{D; are identical in frequency. where there are large changes, as inNjeheab initio estimate

Looking at all the data together, we feel confident that the Of the difference is likely to be about two-thirds of the estimate
H—C—H angle lies between 108 and F1&nd therefore quote  afforded by»'sCH.20

109 &+ 1° as the best available estimate. A possible discrepancy of a different kind is that between
When the matrix data are examined in a similar way, there the H—C—H angle as deduced here from the-B stretching
are great difficulties. As demonstrated in Table 1.QCH; and frequencies and that determined by electron diffraction. The
vaD3 are incompatible over the range of angle +@71.1° and latter method yields in the first place theTC—H angle, which
become compatible only at the improbable angle &t 98 is in the r, structure is found to be 102.8 For a symmetrical

very unlikely, too, that the Fermi resonance correction/QDs methyl group, this would imply that HC—H = 115.#,

is greater than that far,CHs. Part of the explanation for these suggesting a substantial flattening of the unit. Once amplitude
unprecedented anomalies may lie in the pronounced overlap ofcorrections derived from the unscaled DFT/AE force field are
Me,TiCl, and methane bands, which bedevils many of the introduced, though, the estimated~TG—H angle increases to
matrix spectra. In the meantime, no inference concerning the 108.1+ 1°.° The fact that the amplitude correction is so large
H—C—H angle in the matrix-isolated molecule can be drawn makes it possible that the method of estimating it is significantly

from these results. in error, so that the 2difference between the electron diffraction
and IR-based values of the-HC—H angle is unimportant.
General Discussion Scaling of the force field used to supply the perpendicular

Methyl Group Structure. The ¥SCH values of 2938 and amplitudes involved and a more realistic description of the
2952.3 cmt for Me,TiCl, and MeTiCh, respectively, lead via torsional and free rotor states of the methyl groups could both

the established correlation oCH with roCH4 be studied with profit. -
Use ofv'SCD Data. vCD data offered one of the earliest
ro(A) = 1.3982— 0.0001023°CH (cm %) ways of identifying individual G-H bond strengths and have

been taken up again more recerfly They have the obvious

to the prediction ofro bond lengths of 1.0976 and 1.0962 A. 2advantage of easier methods of preparation but suffer the
The bond lengths concerned are based on spectroscopic inertiafliSadvantages (i) of occurring at lower energies in the spectrum,
constants and are not therefore equilibrium values. However, With the result that a higher proportion of bending motion is
each “equilibrium” value given by a QM calculation will also  Present in the normal coordinate, and also (ii) of a greater
differ from the true one by some “offset” factor. Nevertheless, Propensity to overlap with overtone or combination bands with
trends and differences of bond length indicated by the two kinds the possible ensuing interference from Fermi resonance. Such
of study should be closely parallel. Thus, the lengtheningin ~ "€SOnance is rare or insignificant in th&€H region of the
on passing from the mono- to the dimethyl compound, although SPectrum whenv*CH bands are recorded. It is important
small, is quite well reproduced by both DFT calculations, albeit therefore to study as many systems as possible for which both
less well by the MP2 one, where the change is negligible. y'SCH andv'ﬁCD_data are available, if there is to be confidence
In principle, information about the HC—H angle can be in the quantitative use of the .Iat.ter. The .results forleé:Iz
obtained in three ways. reported here suggest that, within the limits determined by not
(i) A limited correlation holds betweenSCH and the very precisely defined band centers, the two kinds of data are

H—C—H angle of a methyl group?13 fully compatible, with due allowance for the usual anharmonicity
correction factor of 1.01%3
H—C—H (deg)= 31.12— 0.04709SCH (Cmfl) While this result is encouraging, further systems need to be

studied and a careful search has to be mounted for Fermi
While this had not been thought earlier to apply to methylmetal resonances before the more widespread use of this technique
compounds, recent quantum mechanical calculations involving can be advocated.
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Force Constant Scaling Procedure. The scale factors in ~ Experimental Section
an SQM harmonic force field reflect, on one hand, the defects
of the QM approach chosen and, on the other, the extent to
which the experimental data used in the scaling are affected by
anharmonicity, which,inter alia, introduces a degree of
incompatibility between the data from different isotopomers.
When steps are taken to correct even approximately the
experimental data for anharmonicity, as in ref 20, there is a
clear tendency for the scale factors to approach one another
and to approach unity, as the level of the QM treatment is raised.
Anharmonlcny corrections were not con3|dered to be apprpprlate other volatile contaminants.
in the present study of MeTiglbut their Iack_need not vitiate Early experience showed that the preparation ofTi@l,
comparisons of the scalt_e factors for assessing the merits O.f theaccording to eq 1 was nonstoichiometric, presumably on account
various QM appr_oaches involved (see Table 5). T_he corrections ¢ e decreased methylating capacity of the intermediate
involved are unlikely to exceed about 1% except in the case of

CH bending and stretching motions, where they are likely to methylzinc chloride. Accordingly, at least a 2-fold excess of
- ’ Me,Zn was used in every preparation. Two routes were
be about 2% and 4%, respectivéiz! 2ch Was U In every preparal W utes w

employed.

The QM calculations reported presently (DFT/AE, DFT/ECP,
MP2/ECP) generally employ basis sets of TZ2P quality (triple- Me,Zn + TiCl, — Me,TiCl, + ZnCl, (1)
with two sets of polarization functions), except for DFT/AE,
where the ligand atoms are described by a TZP basis. We have
carried out additional QM calculations with smaller basis sets
(ranging from DZP to TZP, not reported presently) and have
applied the scaling procedure to the resulting force fields. As
expected, improvement in the size of the basisegt,among
the various MP2 calculations, leads to scale factors closer to
unity, with occasional exceptions@Hs). However, there was
no evidence with MeTiGlthat the most modest MP2 treatment O; th$ cell t,)odyland Xvas closedhat the far el_nd, also Ey mer?ns
(DZP basis) necessitated more scale factors than the most)’ & Young's valve. ACCess to the vacuum line was through a
elaborate one (TZ2P basis) nor that the corresponding predic-gl\J/:OUan'glass cone a(';tapheg to tE'S tra|||o. In a typical p:;p;éatlon,
tions for MeTiCl, after scaling were significantly worse. We Toer2r nT\;]zjlepglevv?/z:lthrgﬁtiesorgt; dea(;% tﬁ]oejmgeczsnlggnse din
conclude that, with thorough scaling, a modest basis of DZP .

Lality may vet produce satisfactory results. More evident are the cold finger, which was also isolated. The cell was reopened
q y may yetp Y ; o the vacuum line and Tigladmitted to a pressure ofY

differences between the scaled MP2 results on one hand ancfr ) i
the scaled DFT results on the other. Regardless of the basis orr. Once the cold finger had warmed to ambient temperature,

set employed, the latter results turn out to be superior in the the ceII_was again i;olated from the vacuum line and the va_llve
case of MeTi Cz! and MeTiCl, separating the cold finger from the pell body opengd. Immedllgte
; ; ) o _ reaction was observed to occur, with the concomitant deposition
Other interesting features are the variability and unpredict- of 5 prown film on the internal surfaces of the vessel, and also
ability of the scale factors involved. This alone constitutes an j, the vicinity of the valve. The excess of ¥&n was removed
argument for scaling such force fields with closer attention than by opening the valve to the vacuum line and pumping the
is commonly given at the present time, when the number of \g|atile material into the U-trap held at63 °C, which retained
factors is kept to a minimum, possibly only one. Particularly the MeTiCl,. At this stage the red-brown solid MECI, was
worrying is the uncritical acceptance of the normal coordinates gplimed into the cold finger and isolated while the cell
accompanying such minimal scaling exercises. In situations background was recorded. The vapor of the solid was then
where several normal modes are composed of highly coupled eadmitted to the cell and its spectrum measured.
motions, whose individual symmetry force constants should in Samples for matrix-isolation studies were prepared in hy-
the relevant QM approach differ somewhat one from another, §rocarbon solution. In a typical experiment, TiC1.0 g; 5.3
the use of a single common scale factor is bound to result in ammol) andn-pentane (15 cR) were condensed in a reaction
significant misrepresentation of the coupling. This in turn will \egge| equipped with a Young'’s valve and magnetic stirrer bar.
result in a poor calculation of the corresponding spectral cocondensation of M&n (1.0 g; 10.6 mmol) at-196 °C,
intensities. followed by cautious warming, led to immediate production of
If experimental results from only one isotopomer are used in a dirty-brown precipitate and a purple-black solution that turned
the scaling, the situation may remain undetected. When datayellow on warming abovea. 50 °C. The mixture was then
for several species are available, as in the present cases oftirred at—20 °C for ca. 10 min to ensure complete reaction.
MeTiCl; and MeTiCl,, the need for several scale factors will The vessel was subsequently attached to a train of U-traps and
become apparent. However, it may also be found, as here withthe volatile material fractionated several times between traps
MeTiCls, that such data cannot be fitted by any number of scale held at—24, —63, and—196 °C. The middle fraction was
factors within a scaling scheme in which off-diagonal constants shown to be pure on the basis of 4 NMR® and IR spectra.
are tied to the diagonal ones, because some small off-diagonalSamples were stored in break-seal ampules 56 °C until
constant is being calculated incorrectly by an amount that is required. Deposition of a yellow-brown involatile substance
small in absolute terms but large in percentage terms. MgTiCl on the walls of the distillation train and of a deep brown solid
constitutes the fourth such case to have been identified, theat the point of condensation attested to the instability of the
others being CECH,CI,'8 Si;HsCl,1° and keten&? More such compound.
cases will undoubtedly emerge as more thorough studies are Despite the precautions taken, the spectra of both gaseous
made. and matrix samples contained weak absorptions due to methane

Synthesis and Spectroscopic Measurements he reactivity

and instability of MeTiCl, noted above required that all
manipulations had to be carried out in a high-vacuum system
(<ca. 107 Torr) in apparatus constructed from Pyrex glass.
The only other materials allowed to come into contact with the
compound were Teflon-PTFE, halocarbon grease, and Csl. All
apparatus was thoroughly conditioned by exposure to dimeth-
ylzinc vapor prior to use; alternatively and additionally, glass
surfaces were flamed to remove the last traces of moisture, or

Samples for gas-phase analysis were synthesizsitu in a
purpose-built IR cell. With a path length of 20 cm and a
diameter of 21 mm, this consisted of a Pyrex glass body to
which was attached a cold finger and a U-trap. The cold finger
was isolated from the cell by a greaseless valve (J. Young,
London). The U-trap was joined directly to the opposite side
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(arising from decomposition in the cell) and to traces of;Me
Zn derived from the preparation.
Starting materials were prepared as follows. Dimethylzinc
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corrected density functional thedfyusing the program system
Gaussian92/DF#8  Gradient corrections for exchange and
correlation were taken from the work of Beékand Perdevi%2

was obtained from the reaction of iodomethane with a zinc/ respectively (abbreviated as BP86). In both types of calculation,

copper couplé® The partially deuterated species &M and
CHD;l were prepared from the corresponding chlori¢faghich
were themselves synthesized by the reaction dg&uD with
CH,BrCl or CHBKCI, respectively?® CDsl was derived from
the reaction of CBOD with Pk.3!

titanium was described by a quasi-relativistic effective core
potential and the corresponding (8s7p5d)/[6s5p3d] basi¥ set.
Carbon and hydrogen were represented by (10s6p)/[5s3p] and
(5s)/[3s] triple¢ basis set4? respectively, augmented by two
sets of polarization functiorfS.For chlorine, we used a triplé-

IR spectra of gaseous samples were recorded in the region(12s9p/[6s5p] bastésupplemented with two sets of polarization

4000-400 cnt! using a Mattson Galaxy FTIR spectrometer at
a resolution of 1 cm!. Typically 100 scans were collected.
Spectra of gaseous samples in the region-4@ cnt! and

of matrix-isolated samples in the region 46Q2D0 cnT?! were

functions?® The chosen basis is of TZ2P quality (tripleplus
double polarization). Spherical d functions were employed
throughout. The equilibrium geometries of MeTi@hd Me-
TiCl, were fully optimized in the appropriate point group

measured using a Perkin-Elmer 580B dispersive spectrometersSymmetry Cs,, C,) using analytic energy gradients. Second

at an optimum resolution of 1.7 cth Raman spectra were
measured for solutions in C£and GHe using a Perkin-Elmer
1700X FT-Raman spectrometer at a resolution of 4%&m
Typically 50 scans were collected.

Thermal Decomposition Studies. The decomposition of
Me,TiCl, in solution has previously been examined by Mc-
Cowanet al.,>2 who concluded that the reaction pathway was
complex but that in dilute halocarbon solution the compound
has a half-life ofta. 24 h. As is evident from Figures 1 and 2,
Me,TiCl, decomposes in all phases with the production of

methane and a brown, involatile solid of indeterminate composi-

derivatives were computed by numerical differentiation of the
analytic gradient.

All-electron DFT calculations were also carried out using the
BPWO91 density functional with the gradient correction of
Becke?® for exchange and of PerdewVand' for correlation.
These utilized the program system Gaussiat¥94standard
6-311G(d) bases were used for C (11s5p1d)/[4s3pld] and H
(5s)/[3s]#" along with the chlorine basis set proposed by McLean
and Chandler (13s10p1d)/[6s5pT8the polarization exponent
being 0.75. The primitive Gaussian basis set for titanium
suggested by WachtéPsvas slightly modified by inclusion of

tion32 The present study yielded no IR spectrum in which bands tWo diffuse p orbitals (exponents 0.156 and 0.0611) and one
arising from methane were absent. Inspection of Figures 1 anddiffuse d orbital (exponent 0.0743), giving a (14s11péd)/

2 and of Tables 811 reveals two features of note.

(i) There appears to be a substantial kinetic isotope effect to
the decomposition; in both gas and matrix phases the amoun

of CH, present (3018, 1306 cm)33:34 (Figures 1 and 2a,e) is
substantially greater than that of G[2259, 996 crm?)33.34
(Figures 1 and 2d,9).

(i) The presence of only CPin the spectrum of (CE).-

TiCl, indicates that the source of methane production is

exclusively molecular decomposition and not, for example,
reaction with residual moisture or other hydrogen-bearing
foreign material in the apparatus.

In an attempt to characterize the decomposition more fully,

a mixture of separate samples of (g4TiCl, and (CD¥),TiCl,

was admitted to the gas cell and the spectrum studied as a
function of time. The presence of infrared bands due only to

the hy and d isotopomers of methane indicates (a) that

decomposition in the gas phase occurs exclusively by an
intramolecular pathway, and (b) that methyl group exchange
does not occur to any measurable extent under the sam
conditions. The half-life of the sample under these conditions

(1—2 Torr in the dark) is of the order of several hours; any

assessment of, for example, the order of reaction is complicated

by the likely involvement of heterogeneous processes. (
reaction at cell or window surfaces) in the decomposition.

In a related experiment, the vapor above a solid mixed sample

of (CHy),TiCl, and (CD).TiCl, was observed as a function of

time. In this case decomposition appeared to occur much more

quickly, the half-life of the sample being approximately 1 h.

[10s8p3d] basis set. Optimization proceeded under the assump-
tion of Cg, or Cy, symmetry, respectively. The molecular force

{field was calculated using analytical derivative metheids.

Scaling of the various force fields was carried out using the
program ASYM40, an update of ASYM2bthat inputs Car-
tesian coordinates and force constants from a Gaussian program
output file and scales each diagonal symmetry condtarty
a factors; and each off-diagonal constafj by the geometric
mean of the constanss ands;.5? Each force field was therefore
calculated at the appropriate equilibrium geometry in Table 1.
ASYM20 itself was used for the harmonic local mode analysis
of the observed €H and C-D stretching fundamentals.
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