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The ab initio structures and energies of a series of gas-phase aluminum chlorides have been calculated at the
RHF/6-31G* and MP2/6-31G* levels. The vibrational spectra of Al@lI.Cls, AICIl,~, EtAICI5s~, Al.Cl7,
EtAICls~, andtransEtAI,Cl, are calculated at the RHF/6-31G* level. The theoretical vibrational spectra
closely match the experimental (liquid state) infrared and Raman spectra and require a scale factor of 0.97 to
yield a correlation coefficientR?) of 0.999. The?’Al quadrupole coupling constants and asymmetry parameters

of the electric field gradient tensor have been calculated for a series of aluminum compouwBis, @b-

Cls, AlF, Al(CHg)g) at the HF/3-21G, B3LYP/6-31G*//HF/3-21G, HF/6-31G*//HF/3-21G, HF/6-31G*, B3LYP/
6-31G*//HF/6-31G*, B3LYP/6-31G*, and B3LYP/cc-pVTZ levels. The correlation coefficient between
experimental and theoretic#lAl nuclear quadrupole coupling constants (NQCC) varies from 0.984 for the
HF/3-21G calculation to 0.9986 for the density functional theory (DFT) B3LYP/cc-pVTZ result. The theoretical
values of the?’Al NQCC vary from—46.92 MHz (HF/3-21G) to-37.17 MHz (B3LYP/cc-pVTZ).

Introduction directly proportional to NQCC values. Electric field gradients
(EFG’s) determined theoretically are heavily dependent on the

Room-temperature chloroaluminate melts (ionic liquids) o\ e| (method) of computation, each of which provide a different
provide excellent model systems for spectroscopic studies, , \merical value for a given molecule

including vibrationaL?nd ’\IIMR SIO'EC"OICOﬁ¢4 S,BUdi?]ffcgthe, In this investigation a correlation is established between
room-temperature chloroaluminate melts have identified various o, perimenta’Al NQCC's and their corresponding theoretical

Al-containing species ‘“C'“d"f‘g AIG,‘I_and7AI2_CIf in mel_ts EFG’s so that accurate NQCC'’s can be obtained by ab initio
formed from AICk and organic chlorides.” Similar species — 5\cyations for othe#’Al-containing species as well. This was

such as E1AIG™ and E4AICls™ have also been reported in accomplished by first obtaining experimental NQCC'’s values

melts containing dimeric ethylaluminum dichloride and organic {01 the literature for7Al-containing molecules. The EFG's

chlorides?™* S _ are calculated for these Al-containing molecules at computa-
The successful use of both semiemprical (PM3) and ab initio tjgnal levels including HF/3-21G, B3LYP/6-31G*//HF/3-21G,

theoretical models (gas phase) of melt comporénit$hasled  HF/6-31G*/HF/3-21G, HF/6-31G*, B3LYP/6-31G*//HF/6-

to this ab initio study of Al-containing chloroaluminate melt 317G+ B3LYP/6-31G*, and B3LYP/cc-pVTZ. The experimental

species. In this study the results of ab initio calculations at the NQCC's () are correlated with EFG's() using eq 1:
RHF/6-31G* level are compared with previously reported liquid-

state vibrational spectra for AlC1, EtAICIs™, Al.Cly~, ERAILCIs, % = CG; (1)

andtransEtAl,Cl,. Of particular interest is the small scaling

factor (0.97) used when calculated and experimental vibrational  Each quantum mechanical method yields a slightly different

spectra of these aluminum containing species are compared. proportionality coefficient constamt, so that regardless of the
An important physical parameter that can also be determinedlevel of calculation, the same NQCC is obtained. This study

by ab initio methods is the nuclear quadrupole coupling constantalso addresses how the use of fully optimized geometries from

(NQCC) and its associated electric field gradients (EFG’s). It low-level calculations like HF/3-21G affect the correlation

has been shown that NQCC's can be obtained experimentally coefficientc when it is used for single point calculation at higher

and provide information about the electronic structure of a computational levels including HF/6-31G*//HF/3-21G and

molecule in its ground state. The NQCC's are important becauseB3LYP/6-31G*//HF/3-21G.

they are sensitive to the shape of electronic charge distribution

in molecules. Consequently, NQCC's can be used to provide Computational Methods

guantitative estimates of hybridization, elec’tronega_ltivities, ionic The GAUSSIAN 92 and GAUSSIAN 94 prografidswere

phqracter, bqndmg character, etc. NQCCS obtaln(?d from ab used for the ab initio vibrational frequency calculations. The

initio calculations involve the evaluation of the EFG's that are GAUSSIAN 98 prograrff was used for the NQCC and EFG

calculations. The structures were initially calculated with the

:gﬁgﬁzrr’r?gcg?(gea‘f}r?i(\’/"e-rg‘tma”5 carper@wsuhub.uc.twsu.edu. semiempirical MOPACG prograthand refined using ab initio
* Wichita State University. v methods. The vibrational frequencies were computed at the
8 Institut fir Physikalische Chemie. RHF/6-31G* level. The eigenvectors for each normal mode were

10.1021/jp004549w CCC: $20.00 © 2001 American Chemical Society
Published on Web 04/04/2001



4372 J. Phys. Chem. A, Vol. 105, No. 17, 2001

displayed on the computer and identified according to which
molecular motions dominated. Electron correlation for all of
the structures was partially included by performing MoeHer
Plesset perturbatiéhcalculations at the MP2/6-31G* level.

Nuclear Quadrupole Coupling Constants.After the ge-
ometry optimization the EFG tensor is evaluated by using the
PRISM algorithm. The value¥,, Vyx Vyy of the EFG tensor
are used to calculateand the asymmetry parameter,These
calculations are detailed in the theory section that follows. The
experimental NQCC's are plotted against the calculated EFG's.
One uses a least-squares fit betwegrand g; while forcing
the intercept to go through the origin (the intercept has to be
zero because molecules with a spherical charge distribution will
yield a NQCC equal to zero) and obtains a slope. The NQCC
(in millibarns) is calculated from the slope. The relationship
between the NQCC and EFG's tg (MHz) = —0.23496%)
(mb) x gii (au).

Theory. Quadrupolar nucleil(= 1) are associated with a

parameter known as the nuclear quadrupolar coupling constant

(xzzIn MHz). ., is a second rank tensor and is related to the
electric field gradient, EFG\(;) by
Xij = ezQVij/h 2)

whereeis the unit of electrostatic chargejs Planck’s constant,

andQ is the quadrupole moment, which is a constant depending

on the nucleus. The EFG is defined by & 3 symmetric tensor,

©)

whereV is the electrostatic potential at nucleus due to the
surrounding charges.

V= VIax?,dy°,07°

The EFG can be expressed in an axis system so that it is
diagonalized and produces a traceless tensor, called the principal

axis system of the electric field gradient tensor.
PVIOXE + *VIdy? + 9°VI19z>  or
Vit Vy+V, =0 (4)

By convention, the EFG tensor is expressed in terms of two
guantities,
eq, =V,,= Ve and 5=V~ V)V, (5)
The second parametgiis called the asymmetry parameter and
measures the deviation of the field gradient tensor from axial
symmetry. Also by conventiofV,4 = |[Vy| = [V so thaty
ranges from 0 to £0-29

The EFG tensor at the nucleu$as the form

eq(l) = e[Z,_, ZBRyRy — R% IR, —

W(Z(3ryry — ry% D/, WO(6)

I
whereZ is the charge of nucleuds Rk is a vector from nucleus
I to k, 1 is a unit dyadicy is the electronic wave function of
a molecule in the ground state angis a vector from nucleus
| to electron;.
The first term in eq 6 represents the nuclear contribution,
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TABLE 1: Monomers and Dimers of Aluminum Chlorides

absolute energies, au, level

molecule RHF/6-31G* MP2/6-31G*
AICl; —1620.57608635 —1621.00800956
AICI4~ —2080.23047167 —2080.79637013
EtAICI, —1239.67287050 —1240.24077086
EtAICI5™ —1699.30831618 —1700.01149357
Al Cl~ —3700.84744977 —3701.85481169
EtAlCls~ —2939.01933258 —2940.30084870
Al,Clg —3241.18122727 —3242.06125550
EtAlCly —2479.37497036 —2480.52747690

one-electron operator (eq 6) via a wave function obtained from
a self-consistent field or ab initio calculatié®r.2?

Quadrupole Moment. The quadrupole energy tensor matrix
elements are proportional to the product of the scalar quadrupole
momentQ and the gradient of the electric field; in the
following manner:

Q; =[eQvy/21(2l — 1)] (7)
The scalar quadrupole momeQtis defined as
eQ= [p((BZ —r’)dr = [p(nr’Bcos 6 —1)dr (8)

where the integration is carried out over the nuclear charge
densityp(r), and@ is the angle that the radius vectomakes
with the internuclear axis.

The scalar quadrupole moment is a measure of the deviation
of the nuclear charge density from spherical symmetry. It can
exist only forl > /,. The quadrupole tensor matrix elements
are
Qj =AlVy/V,] ©)
whereA = eqQ/[21(2I — 1)].

The field gradient tensor in a crystallographic coordinate
system may be specified completely in terms of the parameters
g andy and the three Eulerian angles, which describe the relative
orientations of the crystallographic and principal coordinate
systems. An alternative method of specifying the orientation of
the principal axes entails the use of a directional cosine matrix.

Results and Discussion

Energies of Aluminum Chlorides. The structures of AlGI
(Tg), AlICl3 (Dan), and ALClg (D2n) at the MP2/6-31G* level
have been reported previousiy32 In addition to the ethyl
chloride structures reported herein, we have extended the series
of aluminum chloride structures to include,&8l;~ at the MP2/
6-31G* level. For purposes of comparison, the structures of
AICl4~, AICI3, and ALCls have also been determined at both
the RHF/6-31G* and MP2/6-31G* levels. Table 1 contains the
energies of all relevant structures as a convenience for the reader.
Structure of Al,Cl;~. Figure 1 contains the resulting bent
bridge structure of AICI;~ that belongs to th€,, point group,
as predicted by Gale and Osteryoiidg.he Cl's in Figure 1
are in a staggered configuration, similar to those found in the
crystal structure of Tg£AI.Cl;),,%* rather than the eclipsed
structure reported for ACl;~ in Pd(CgHs)2(AlCl7)2.35 The

and the second term represents the electronic contribution tocalculated Al(3)-Cl(1)—Al(2) bridging bond angle is 1232

the EFG tensor at the nuclelisThe nuclear coterm can be
estimated in terms of a classical approach; however, the
electronic term in the wave function must be calculated from

significantly larger than values of 110.8 and 1T5r6ported
for the crystal structures of ACl;~.3435The bond angles (deg)
in Figure 1 are similar to those found in the solid state, such as

basic quantum theory. Therefore, the EFG tensor componentsCl(4)—AI(2)—CI(5) = 113.6 compared with 113.7 and
are calculated as the expectation values of the correspondingl15.3.3435Additional comparison of bond angles (deg) include
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Figure 1. Al.Cl;~ structure at the RHF/6-31G* level.

CI(5)—Al(2)—CI(6) = 112.7 vs 111.3 and 113.5, CI&4pI-
(2)—CI(6) = 114.5 vs 114.3 and 116.3, CIGZN(3)—Cl(1) =
107.0 vs 108.2 and 110%35Other bond angles (deg) are Cl-
(1)—Al(3)—CI(9) = 105.9, CI(1}-Al(3)—CI(9) = 107.0, CI-
(1)—AI(3)—CI(9) = 101.9, CI(1)-Al(2)—CI(4) = 107.0, CI(1)-
Al(2)—CI(5) = 101.8, CI(1}-Al(2)—CI(6) = 106.0, CI(7}-
Al(3)—CI(8) = 113.6, CI(9)-Al(3)—CI(7) = 114.4, and CI(9)
Al(3)—CI(8) = 112.7.

The calculated bond lengths (A) are AK3TI(1) = Al(2)—
Cl(1) = 2.324, Al(3)-CI(8) = Al(2)—CI(5) = 2.137, Al(3)-
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Vibrational Spectra and Spectral Assignments.Table 2
contains the calculated and experimental vibrational spectra for
AICl3, Al,Clg, AICI4—, and ALCI;~. In addition to the correlation
between calculated and experimental frequencies, there is a
qualitative match between calculated and experimental intensi-
ties. The vapor phase spectra of AJ@nd ALCls were taken
from the work of Tomita et ai® The infrared and Raman spectra
of the chloroaluminates has been the subject of numerous
investigations$:3337-3% The Raman and infrared experimental
spectra were taken from the Raman studies of Rytter & al.
and the emission IR studies of Hvistendahl e#al.

As observed previousKf, the calculated vibrational spectra
of aluminum-containing compounds are remarkably close to the
experimental values. This is apparent in a plot (Figure 2) of
calculated vs experimental frequencies in which a scale factor
of 0.97 accurately reproduces the experimental values with a
correlation coefficient of 0.999. This may be compared with a
typical scale factor of 0.89 used to reproduce vibrational energies
for a wide range of moleculé8:*1 The inclusion of aluminum
has a considerable effect on the correlation energy of these
and similar compounds, as is indicated in the following sec-
tions on the dimer of ethylaluminum dichloride and its related

CI(7) = Al(2)—Cl(4) = 2.125, and Al(3)-CI(9) = Al(2)—CI(6)

= 2.130. The ACI bridge bond length of 2.324 A is longer
than average AtClI bridging bond lengths of 2.242and 2.262
AS35 found in the solid-state structures of,8l;~. The Al—-ClI
bond lengths in the-AICl 3 groups found in the crystal structures
are 2.102*and 2.099 A5 compared with an average calculated
value of 2.131 A (Figure 1). The differences in-ACI—Al bond

forces.

anions.

Structures of the EtAICI, Dimer, EtAICI 5~, and ELAICls ™.
The existence of ethylaluminum dichloride as a trans dir@gJ) (
has previously been established by Weidlein in a Raman and
IR study of alkylaluminum dichlorides, alkylaluminum dibro-
mides, and alkylgallium dichloride.Figures 3-5 contain the
structures of EtAIG~, ERAILCls~, and the trans dimer of
angles and bond lengths may be accounted for by crystal packingethylaluminum dichloride, all calculated at the RHF/6-31G*

level.

TABLE 2: Vibrational Assignments for AICI 3, Al,Clg, AICI4~, and Al,Cl;~ (cm™1)2

assignt v lint® IR, Raman Ramamey IR Vexp assignt v lint® IR, Raman Ramaney IR Vexp
AICl3

18 157 0.05 IR, R(m)dp 148dp(m) 151(w) 18 400 O R(s)p 376p(s)

18 213 0.26 IR 214(w) 18 642 1 IR., R(w)dp 610dp(w) 616(s)
AlClg

1,18 23 0.002 IR 2,18 232 0 R(m)p 219p(s)

18 68 0 18 268 0 R(w)dp 281dp(w)

2,18 102 0 R(m)p 98p(s) 2,18 330 0.234 IR 320(m)

1,18 125.6 0 R(m)dp 112dp(m) 2,18 3%1 0 R(s)p 342p(s)

18 125.7 0 R(m)dp 112dp(m) 18 431 0.498 IR 418(m)

2,18 138 0.036 IR 123(w) 2,18 497 1 IR 483(s)

2,18 150 0.057 IR 143(m) 2,18 537 O R(m)p 511p(m)

1,18 178 0 R(m)dp 168dp(m) 1,18 635 0 R(m)dp 614dp(m)

1,2,18 190 0.028 IR 178(w) 1,18 646  0.932 IR 626(s)
AICl4~

18;1 121 0 R(m)dp 119dp(m) 18 353 0 R(m)p 346p(s)

18 188 0.048 IR, R(m)dp 182dp(m) 183(m) 18;1 511 1 IR, R(w)dp 488dp(w) 475(s)
Al.Cl;~

1,18 16 <0.001 R(vw)dp 4,18 196 0.182 IR, R(m)dp 179(m)

18 18 <0.001 R(vw)dp 4,18 207 0.001 IR, R(w)p

18 40 <0.001 R(vw)dp 2,4,18 311 0.043 IR, R(M)p 312(s)p 308(w)

18 90 <0.001 R(m)dp 18;1 332 0.617 IR, R(vw)dp 331(m)

18 91 <0.001 R(m)dp 18;1 393 0.514 IR, R(w)dp 381(m)

2,18 98 <0.001 R(m)p 99(m)p 18 442  0.065 IR, R(m)p 432(w)p 439(w)

1,3,18 125 0.003 IR, R(w)dp 18 553 0.343 IR, R(w)dp 525(s)

1,3,18 151 0.026 IR, R(w)p 18 558 0.186 IR, R(m)dp

1,3,18 163 0.015 IR, R(m)dp 158(w) 18;1 572 1 IR, R(w)dp

1,18 168 <0.001 R(m)dp 164(m)dp 18; 1,3 573 0.868 IR, R(w)p

18 183 0.05 IR, R(m)dp

a Assignments of vibrational frequencies: (1)-&I—Cl asymmetric bend; (2) €lAl—Cl symmetric bend; (3) A+CI—Al asymmetric bend;

(4) AlI—=CI—Al symmetric bend; (5) methylene asymmetric bend; (6) methylene symmetric bend; (7) methyl asymmetric bend; (8) methyl symmetric

bend; (9) CG-C—H bend; (10) A-C—C bend; (11) asymmetric methylene asymmetric stretch; (12) symmetric methyle@e-H stretch; (13)
asymmetric methyl HC—H stretch; (14) methyl symmetricHC—H stretch; (15) methylene deform.; (16) methyl symmetric deform.; (17) methyl
asymmetric deform.; (18) AlCl streetch; (19) A-C stretch.” Major assignments; minor assignmerftitensity normalized to the most intense

line = 1.00.
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Figure 2. Correlation diagram for the vibrational spectrum of AJCI
Al,Cls, AICI,~, and ALCl;~: computed vs measured IR and Raman
transitions. Scale factor 0.97 and correlation coefficient 0.999.

Figure 4. transERAI,Cls~ structure at the RHF/6-31G* level.

Ethylaluminum Trichloride. EtAICI3~ (Figure 3) is similar
to AICI,4—, in that the AR(Cl3)—C(1) group occupies a slightly
deformed tetrahedron. Bond angles (deg): €@AN—CI(4) =
111.2, C(1)-Al-CI(5) = 111.2, C(1)>-Al—-CI(3) = 109.9, CI-
(4)—Al—CI(3) = 108.2, Cl(4)-Al—CI(5) = 108.0, C(8)-C(1)—

Al = 116.4. The bond lengths are (A): AC(1) = 1.989,
C(1)-C(8) = 1.537, AF-CI(4) = 2.201, AFCI(3) = 2.200,
Al—CI(5) = 2.201.

Ethylaluminum Pentachloride. The calculated structure of
trans E$Al,Cls~ (Figure 4) is similar to the structure of the
heptachloroaluminate ion shown in Figure 2. Bond angles
(deg): C(10yC(4)—Al(2) = 115.2, C(17yC(8)—Al(6) =
114.5, CI(7)-Al(6)—C(8) = 116.0, CI(9)-Al(6) —C(8) = 115.9,

Mains et al.

Figure 5. trans(EtAICIy), structure at the RHF/6-31G* level.

CI(3)—Al(2)—C(4) = 115.2, CI(5-Al(2)—C(4) = 115.2, CI-
(9)—Al(6)—CI(7) = 110.0, CI(1)}-Al(6)—C(8) = 107.7, CI(1)-
Al(6)—CI(7) = 102.7, CI(1)-Al(6)—CI(9) = 102.7, CI(5%
Al(2)—CI(3) = 111.1, CI(1}-Al(2)—C(4) = 102.3, Cl(1}
Al(2)—CI(3) = 105.8, CI(1)-Al(2)—CI(5) = 105.8, Al(2)
Cl(1)—Al(6) = 124.2. Bond lengths (A): C(4)C(10)= 1.538,
C(8)—C(17) = 1.539, Al(6)-C(8) = 1.969, Al(6)-CI(7) =
2.164, Al(6)-CI(9) = 2.165, Al(2)-C(4) = 1.974, Al(2)-ClI-
(3) = 2.161, Al(2)-CI(5) = 2.161, Al(6)-Cl(1) = 2.363, Al-
(2)—CI(1) = 2.340.

Ethylaluminum Dichloride Trans Dimer. Figure 5 contains

the calculated structure dfans(EtAICI,),. There is a small
deviation fromC,, symmetry as the ethyl groups are slightly
out of their initial plane of symmetry. Bond angles (deg): Al-
(14)—-C(7)—C(18) = Al(2)—C(3)—-C(16) = 115.1, C(7)-Al-
(14)—CI(10) = 123.8, CI(1)-Al(14)—CI(10) = 107.8, CI(1)-
Al(14)—C(7)= 111.4, CI(4)-Al(14)—CI(10) = CI(4)—Al(2)—
CI(5) = 107.6, Cl(4)-Al(14)—C(7) = CI(4)—Al(2)—C(3) =
111.9, Cl(4)-Al(14)—CI(1) = CI(4)—Al(2)—CI(1) = 88.6, Al-
(2)—Al(14)—CI(10) = 115.1, Al(2)-Al(14)—C(7)=121.0, Al-
(2)—Al(14)—CI(1) = Al(2)—Al(14)—ClI(4) = CI(1)—Al(2)—
Al(14) = CI(4)—Al(2)—Al(14) = 44.3, Al(2)-CI(1)—Al(14)
= 91.5, Al(2)-Cl(4)—Al(14) = 91.4, C(3)-Al(2)—CI(5) =
123.9, Al(14y-Al(2)—CI(5) = 115.2, Al(14)-Al(2)—C(3) =
120.9, CI(1>-Al(2)—CI(5) = 107.8, CI(1}-Al(2)—C(3) =
111.4. Bond lengths (A): C(AC(18) = 1.540, C(3)-C(16)
= 1.541, Al(14)-CI(10) = Al(2)—CI(5) = 2.112, Al(14)-C(7)
= 1.954, Al(2)-C(3) = 1.953, CI(1)-Al(14) = Al(2)—CI(1)
= 2.318, Cl(4)-Al(14) = 2.319, Al(2)-Cl(4) = 2.320, Al(2)-
Al(14) = 3.320.

Vibrational Spectra and Spectral Assignments.Table 3
contains the calculated and experimental vibrational spectra for
dimeric trans-EtAICI,, EtAICI;~, and EAICls~. Weidlein’s
Raman and IR spectfaprovide a good correlation between
calculated and experimental energies, and there is a qualitative
match between calculated and experimental intensities. Other
workers report Raman spectra of EtAICIEtAICI;~, and
EtAI,Cls~, using combinations of ethylaluminum dichloride and
1-butyl-3-methylimidazolium chloride to produce EtACland
EtAl,Cls~.10 The Raman spectrum of ethylaluminum dichlo-
ride'® is similar to that reported by Weidlefd,as shown in
Table 3. In addition, the Raman bands at 150, 182, 273, 367,
and 621 cm! attributed to EtAIC}~ match well with the
calculated spectra in Table 3. Of these Raman bands, only the
273 cm! band matches a similar Raman band for neat
ethylaluminum dichloride. Only 5 of the 14 Raman badds
assigned to BAI,Cls~ match well with the calculated values
(166, 178, 253, 398, and 420 cA) included in Table 3. The
other Raman bands attributed te&%Cls~ fail to match either
polarization or energy assignments such as the intense, polarized
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TABLE 3: Vibrational Assignments for (EtAICI ,),, EtAICI3~, and EtAl,Cl;~ (cm™1)2
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EtAICI, Dimer
assignt v Irel IR, Raman  |Rvexp, Ramanvey  assignt v Irel IR, Raman IRvexp Ramanvexp
5,7;1,3,9,18,19 18  0.003 IR R(vw)dp 5,7 704 0.086 IR, R(m)p 65AHE)M
7,59 33 <0.001 R(w)dp 5;8,10,19 705 0.669 IRR(W)p  663(s)
6,8,9 42 0.002 IR R(vw)dp 5,7 1024 0.084 IR, R(w)p
5,7 60 0.001 IR, R(w)dp 6,8 1025 0.019 IR, R(w)p
7,4,9,18 92 0.007 IR R(w)dp 5,7 1039.2 0.002 IR, R(m)p
6,9;1,4,18 98 0.007 IR, R(w)dp 5;7 704 0.086 IR, R(m)p
6,8;1,3,9,18 115  0.014 IR, R(w)p 5,7; 10 1039.4 0.002 IR, R(m)p
5,7:2,4,18 125  0.001 IR, R(m)dp 6,8;10,19 1091 0.174 IR, R(m)dp
5,7 130 0.025 IR, R(w)dp ~130(m) 6,8;10,19 1094 0.079 IR, R(m)p
5,7;2,4,18 149  0.005 IR, R(m)dp 15; 8 1376 0.005 IR, R(w)dp
57,24 185 0.001 IR, R(m)p 15,7 1377 0.006 IR, R(m)p
1,3,5,7,18 186 0.066 IRR(vw)dp  172(m) 15,7 1378.8,1378.9  0.007,0.010 IR, R(m)p
2,4,7,18,19 242 <0.001 R(w)dp 213dp(w)  16;6 1564.9 0.029 IR, R(m)dp
7:5 247  0.001 IRR(W)p 16;5 1565.2 <0.001 IR, R(m)p
75 253  0.003 IR R(vw)dp 5; 17 1594.2 0.019 IR, R(s)dp
7,2,4,5,10,19 272  0.066 IR, R(w)dp  268(m) 5;17 1594.3 0.007 IR, R(s)p
5,7;2,4,10 288  0.007 IRR(m)p 274p(m) 17 1646.2,1646.3  0.006,0.010 IR, R(s)dp
6,8;1,3,18 351  0.087 IR, R(m)p 346p(vs) 17 1655.2,1655.3  0.027,0.014 IR, R(s)dp
6,8;1,3,10,18 353  0.794 IRR(vw)p 323(s) 12 3173.2,3173.5 0.065,0.070 IR, R(vs)p
2,4,18,19;5,7,10 426 0.674 IRR(vw)p 396(s) 13 3196 0.174 IR, R(m)p
2,45,7,10,18,19 496 1 IRR(vw)dp  486(s) 13 3197 0.15 IR, R(vs)dp
2,4,5,7,18; 10,19 515<0.001 R(s)p 502p(s) 11 3207.7,3208.2  0.036,0.037 IR, R(vs)dp
5,7;2,4,10 674 0.437 IRR(W)p 14 3253.7,3254.0 0.237,0.148 IR, R(vs)p
5;2,4,7,10 677 0.051 IR, R(s)p 13 3259.9,3260.3 0.132,0.204 IR, R(vs)dp
EtAICI5~
assignt v lini IR, Raman Ramaney, assignt v lini IR, Raman Ramaneyp
6,8 54 <0.001 R(w)dp 5,7;10 1033 0.008 IR, R(s)p
5,7,18 95 0.001 IR,R(w)dp 6,7; 10 1093 0.134 IR, R(m)p
6,8,19; 10 120 <0.001 R(w)dp 15; 10,17 1367 0.019 IR, R(w)p
10,18 147 0.017 IR,R(m)dp 15; 16 1380 0.014 IR, R(m)dp
6,8 162 0.02 IR,R(m)dp 150dp 15; 17 1553 0.016 IR, R(m)dp
10,18 188 0.065 IR,R(m)dp 182dp 15; 17 1602 0.016 IR, R(s)dp
6,8 260 0.003 IR,R(w)dp 15; 17 1651 0.008 IR, R(s)dp
10,18;6,8 288 0.001 IR, R(m)p 273dp 16 1655 0.004 IR, R(vs)dp
5,7,10,18 376 0.139 IR, R(m)p 367p 11,13 3139 0.322 IR, R(vs)dp
6,19; 8,10 465 0.75 IR,R(m)dp 11,13 3158 0.464 IR, R(vs)p
10,19; 5,7 487 1 IR, R(w)dp 12;14 3170 0.213 IR, R(vs)dp
5,10,18; 7 630 0.494 IR, R(m)p 621dp 12;14 3213 0.298 IR, R(vs)p
6,8; 10 690 0.347 IR, R(w)dp 12;14 3243 0.335 IR, R(s)dp
6; 8 1010 0.056 IR, R(m)dp
Et2A|2C|57
assignt v lint IR, Raman Ramaneyy assignt v lint IR, Raman Ramane,
1,3,18;5,7,10,19 5 0.001 IR R(vw)dp 2,6,8,10,18,19 652 0.154 IR, R(m)p
7;1,3,5,10,18 20 0.002 IR R(vw)dp 2,8,10,19; 6,18 663 0.4 IR, R(m)p
8;2,6,10 40 0.001 IR, R(w)p 5,7;19 699 0.032 IR, R(w)dp
57;1 47  <0.001 IR, R(w)dp 57 701 0.381 IR, R(w)dp 696dp(w)
57,1 49 <0.001 IR, R(w)dp 5,7 1018 0.027 IR, R(m)dp
5,7, 1,3,10 77 <0.001 IR, R(w)dp 57 1024 0.04 IR, R(w)dp
8;2,4,6,10 82 0.003 IR, R(w)dp 6,8; 19 1037 0.002 IR, R(m)p
5;1,3,7,18 93 <0.001 R(m)dp 6,8,10; 19 1039 0.002 IR, R(m)p
5;1,3,7,10 123 0.001 IR, R(w)dp 6,8; 19 1088 0.149 IR, R(m)dp
8;2,4,6,18 124 0.031 IR, R(w)p 6,8,10 1091 0.039 IR, R(m)p
57;1,3 145.7 <0.001 IR, R(m)dp 6,8,10; 19 1373, 1377 0.012,0.012 IR, R(m)p
6,8;2,4,18 145.9 0.039 IR, R(w)p 5,7; 19 1381, 1384 0.005, 0.007 IR, R(m)dp
7;,2,3,5,10,18 160 0.015 IR, R(w)dp 16 1556 0.013 IR, R(m)p
2,4,6,8,10,18 166 0.003 IR,R(m)dp 166dp(m) 16 1557 0.009 IR, R(m)p
2;4,6,8,10 179 0.012 IR, R(m)p 178dp(m) 15 1601, 1602 0.007,0.014 IR, R(m)p
2,8;4,6 238 0.034 IR, R(m)p 17 1649, 1650 0.004, 0.004 IR, R(m)p
7;5 258 0.001 IR, R(w)dp 253p(m) 17 1656.1, 1656.5 0.006, 0.006 IR, R(m)dp
7;5,19 259 0.003 IR R(vw)dp 12,14 3160, 3172 0.130,0.245 IR, R(s)p
4,6,8,18;10,19 287 0.047 IR, R(w)p 12,14 3175, 3182 0.182,0.050 IR, R(vs)p
3,6,10,18,19 339 1 IR, R(w)dp 11 3191 0.064 IR, R(vs)dp
2,6,10,18 376 0.058 IR, R(m)p 11,13 3210 0.011 IR, R(vs)dp
2,4,6,8,10,18 406 0.23 IR, R(w)p 398p(m) 14 3222 0.156 IR, R(vs)dp
2,4,6,18,19 433 0.099 IR,R(m)p  420p(s) 14 3223 0.212 IR, R(vs)dp
3,5,19; 7,18 505 0.112 IR, R(m)dp 13 3244, 3246 0.171,0.201 IR, R(vs)dp
1,5,18; 7,19 513 0.65 IR, R(w)dp
a Assignments of vibrational frequencies: (1)-@l—Cl asymmetric bend; (2) €lAI—Cl symmetric bend; (3) AtCI—Al asymmetric bend;
(4) AlI—=CI—Al symmetric bend; (5) methylene asymmetric bend; (6) methylene symmetric bend; (7) methyl asymmetric bend; (8) methyl symmetric

bend; (9) CG-C—H bend; (10) A-C—C bend; (11) asymmetric methylene asymmetric stretch; (12) symmetric methyte@e-H stretch; (13)
asymmetric methyl HC—H stretch; (14) methyl symmetricHC—H stretch; (15) methylene deform.; (16) methyl symmetric deform.; (17) methyl
asymmetric deform.; (18) AtCl streetch; (19) A+C stretch.



4376 J. Phys. Chem. A, Vol. 105, No. 17, 2001

800 ~
///
) /
640 v
= o
L aso} /3’
o »
S 3201 /."‘
= A
(@) ;/
160 | ‘.’
»
0 /// | | L
0 160 320 480 640 800

Exp. Freg. (cm™)

Figure 6. Correlation diagram for the vibrational spectrum of EtAICI
Et,Al.Cls~, and (EtAICE),: computed vs measured IR and Raman
transitions. Scale factor 0.97 and correlation coefficient 0.999.
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Figure 7. Experimental NQCC'sy;) vs theoretical EFG’sqfj) at the
HF/3-21G level.

6-31G*, B3LYP/6-31G*//HF/6-31G*, B3LYP/6-31G*, and
B3LYP/cc-pVTZ. The experimenta);’'s were plotted against
the computed values of j for each basis set, and the linear
regression results of each plot are contained in Table 4. The
literature values of) range from—140 to —150 mb with the

band at 349 cm* which is also observed in the Raman spectrum Suggested value of 140.3 mb.

of EtAICI,~.10

As mentioned previously, the sign for the valuegf for

Figure 6 is a plot of calculated vs experimental frequencies Al2Brg had to be changed for the fits to be linear. When Casbella
in which a scale factor of 0.97 accurately reproduces the et al* reported the value of the AIBNQCC, they suggested
experimental values with a correlation coefficient of 0.999, in the possible existence of a dimer with a NQCC value of 13.86
a manner identical to the results in Figure 2 for aluminum MHz and an asymmetry parameter of 0.73. Our calculations
chloride and related chloroaluminates. It is apparent that the show that the/,; component for all computational levels to be

vibrational spectra of this type of aluminum containing com-

positive, which results in a negative NQCC with the B3LYP/

pounds can be accurately reproduced using ab initio methodscc-PVTZ calculation, yielding an asymmetry parameter of 0.71

at the 6-31G* level.
27Al Quadrupole Coupling Constant and EFG Calcula-

that is very close to the one reported by Casbella and
co-workers®® The calculation of the AlBy monomer yielded

tions. Although 27Al has a natural abundance of 100%, there an asymmetry parameter of 0.0 for all computational levels and
are a limited number of experimental NQR results that are a theoretical e;timate of .approximately 25 MHz fpr fal .
usefulfor comparison with ab initio calculations. In this study NQCC, supporting the existence of the dimer with its negative

four molecules (AIF and the dimers of AlgIAIBr;, and

Al(CH3)3)*3746 that provided 12 points are used in the curve-

NQCC.
Although only four molecules were used in the fit at all

fitting process. The data and results of the various levels of computational levels, the fit at the higher computational levels
computation for these molecules are contained in Table 4. It produced deviations smaller than one might exgéthe HF/

should be noted that the experimental NQCC o$B& was
changed from 13.86 MHz te-13.86 MHz*® The EFG Vj)
eigenvalues of the three tensor compone¥ts, Vyy, andV,)

3-21G calculation yielded the highest value of 199.69 mb for
Q with anR? correlation of 0.9843 (Figure 7) that is the worst
when compared to the rest of the linear regression fits. The

were calculated for these molecules at the ab initio levels HF/ optimized geometry at the HF/3-21G was used for single point

3-21G, B3LYP/6-31G*//HF/3-21G, HF/6-31G*//HF/3-21G, HF/

calculations at the HF/6-31G* and B3LYP/6-31G* levels. These

TABLE 4: Experimental and Theoretical EFG's and NQCC's for 27A

B3LYP/6-31G*// HF/6-31G*//

B3LYP/6-31G*//

cmpd exp HF/3-21G  HF/3-21G HF3-21G  HF/6-31G*  HF/6-31G*  B3LYP/6-31G* B3LYP/cc-pVTZ
AIF 376 0.826122 0.934487 0.960906  0.980233 0.952111 0.92232 1.12818
18.8 —-0.413061  —0.467243  —0.480453 —0.49012 —0.476055 —0.4612 —0.5641
18.8 —0.413061  —0.467243  —0.480453 —0.49012 —0.476055 —0.4612 —0.5641
AlCls —-29.2 0.504777 0.60947 0.64632 0.756157 0.703079 0.69111 0.9465
14.6 —0.252389  —0.304735  —0.32316 —0.37808 —0.35154 —0.3456 -0.4733
14.6 —0.252389  —0.304735  —0.32316 —0.37808 —0.35154 ~0.3456 -0.4733
Al Brg ~13.86 0.374415 0.319279 0.384182  0.396449 0.337676 0.33585 0.41337
11.9889 —0.264217  —0.260004  —0.324181 —0.32302 —0.265094 ~0.2602 ~0.3536
1.8711 -0.110198  —0.059276  —0.060001 —0.07342 —0.072581 —0.0757 —0.0597
Al(CHg)s  —23.546 0.516186 0.619568 0.691034  0.67855 0.610918 0.6144 0.75581
21.003 —0.472453  —0.518034  —0.579368 —0.57995 —0.519561 —0.5212 —0.6663
2543 —0.043733 —0.101534  —0.111666 —0.0986 ~0.091357 —0.0932 —0.0895
Slope(MHz) —46.92 —41.729 —-38.968  —37.457 —40.11 —40.845 —32.167
R? 0.9843 0.9927 0.9909 0.998 0.9985 0.9981 0.9986
—Q(mb) 199.69 177.6 165.85 159.42 170.71 173.83 136.9
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Figure 8. Experimental NQCC'syj) vs theoretical EFG’s(fj) at the
HF/6-31G* level.
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Figure 9. Experimental NQCC'syj) vs theoretical EFG’s() at the
DFT B3LYP/cc-pVTZ level.

single point calculations improved the fit and lowered the value

of Q to 165.85 and 177.60 mb, respectively, with &A

correlation of 0.991 and 0.993 (Table 4). The fully optimized

geometry at the HF/6-31G* level (Figure 8) lowe@do 159.42
mb with anR2 correlation of 0.998, bringing it closer to the
literature valueg? The single point calculation at the B3LYP/
6-31G* level using the fully optimized geometry at HF/6-31G*
level produced & value of 170.71 mb with aR? correlation

of 0.9985, a slightly better fit than the HF/6-31G* result. The

fully optimized geometry at the B3LYP/6-31G* level produced
aQ of 173.83 mb with arRR? correlation of 0.9981 suggesting

that the geometry obtained at a lower level might result in to a
better fit by doing a single point calculation at a higher basis
set. Finally, the best fit obtained was the B3LYP/cc-pVTZ

calculation, which gave & of 136.90 mb R? correlation of
0.9986), which is close to the suggested value of 140.3'mb.
Conclusions

The vibrational spectra of Alg| Al,Clg, AICIl,~, EtAICI;5™,
AlCl7~, ERAILCls™, andtrans-EtAl ,Cl, calculated at the RHF/

J. Phys. Chem. A, Vol. 105, No. 17, 2004377

3-21G, B3LYP/6-31G*//HF/3-21G, HF/6-31G*/IHF/3-21G, HF/
6-31G*, B3LYP/6-31G*//HF/6-31G*, B3LYP/6-31G*, and
B3LYP/cc-pVTZ levels. Each level of calculation is correlated
with experimental values of th&Al NQCC's. The correlation
coefficient between experimental and theoret®@aAl nuclear
guadrupole coupling constants (NQCC) is lowest (0.984) for
the HF/3-21G calculation and highest (0.9986) for the highest
level of theory, B3LYP/cc-pVTZ. The theoretical values of the
27AI NQCC vary from—199.69 mb (HF/3-21G) te-136.9 mb
(B3LYP/cc-pVTZ) and may be compared with a suggested
value?’ of —140.3 mb.
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