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The equilibrium structure of the more stable conformer g68,, of C, symmetry, has been calculated ab
initio using the CCSD(T) method and taking into account the core correlation correction. The accuracy of
this structure has been checked by comparing it to that of similar molecules and by estimating the effects of
basis set enlargement and of diffuse functions. Furthermore, the quadratic, cubic, and quartic force fields
have been calculated at the MP2 level of theory using a basis set ofgiplality. The spectroscopic constants
derived from the force field are in satisfactory agreement with the experimental ones. The resulting band
origins are compared to literature infrared values, including those for overtone and combination bands. Normal
modes of vibration are pictured. Using this force field, semiexperimental equilibrium rotational constants are
determined which allows us to check the accuracy of the ab initio structure and to refine it using a mixed
regression method.

1. Introduction

Sulfuric acid, HSQ,, is an important industrial chemical. It
is one of the primary components of acid rain and plays a key
role in the formation of tropospheric aerosélslowever, it is
very difficult to experimentally investigate in the gas phase
because it is not very volatile, tends to form hydrates in humid
air, and is furthermore in equilibrium with SCand HO.
Nevertheless, the microwave spectra 688 and of three of

its isotopologues3(S, d;, andd,) were measured by Kuczkowski < ‘
et al? They observed only one conformation and established oa .’

that its symmetry i<C,. This form is drawn in Figure 1 where H1
atom numbering is also indicated. These authors also tried to
determine an experimental structure but, as the number of
independent structural parameters (eight) is too large, they had
to assume a value for thgOH) bond length. The crystal
structure of pure bEBO, was determined from X-ray dataand

the position of the protons was precisely determined by neutron

diffraction* However, the crystal structure is not directly lculati ing three diff t methods t dict the struct
comparable to the gas-phase structure, particularly because ofaicuiations using three difierent metnhods to predict tne structure

the existence of strong intermolecular hydrogen bonds in the gnd the infrared spectrum_: Hart_reEoc_k (HF) SelffconS'Stent
crystal. field, BALYP, and quadratic configuration interaction including

singles and doubles (QCISD) theory with the 6-311G(2d,2p)
basis set. Finally, Miller et @ computed the vibrational
frequencies from ab initio MP2/TZP potential points using the
et al® calculated the structure and a harmonic force field using correlation corrected vibrational self-consistent field (CC-VSCF)

the second-order MgllerPlesset perturbation theory (MP2) method. However, the level of thgsg calculations diq not a!lqw
with the 6-31%+G(2d,2p) basis set. Later, Al Natsheh etl them to obtaln an accurate equilibrium structu_re. Finally, it is
carried out density functional theory (DFT) calculations with worth' hoting tha.t the structural, spectroscopic, anpl thermo-
the PW91 functional of Perdew and Watgnd TZP basis set, chemical properties of 50, have been recently reviewéd.
and compared their results with those of earlier studies. Havey The principal aim of the present paper is to accurately
et al15 used the 6-31++G(2d,2p) basis set with another DFT ~ determine the equilibrium structure of,80;. Two different
techniques are employed: ab initio geometry optimization and
*To whom correspondence should be addressed. E-mail: S€mMiexperimental structure determination. The paper is organ-
jean.demaison@univ-lillel.fr. Permanent address: Laboratoire de Physiqueized as follows. Section 2 describes the techniques used for the
d’es Lasers, Atomes, et Malgles, Universitele Lille |, F-59655 Villeneuve determination of equilibrium structures. Section 3 focuses on
d'Ascq Calex, France. S
T Universifelibre de Bruxelles. the determination of the most stable conformer ofS8;.
* University of Ulm. Section 4 is devoted to the ab initio structure, and section 5
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Figure 1. The more stable conformer of.HO, (C, symmetry).

method, the B3LYP one which consists of the Becke’s three-
parameter hybrid exchange functioladnd the Lee Yang—
Parr correlation functiondfl. Hintze et af performed ab initio

Vibrational spectra of the gas phase have also been refiofted.
There are also matrix isolation d&ta! The ab initio structure
of H,SO, has been repeatedly calculated. Particula@ivan
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details the semiexperimental structure and also highlights the 02
vibrational spectroscopic constants.

2. Methods of ab Initio Structure Determination

Most correlated-level ab initio computations of this study have
been carried out at two levels of electronic structure theory,

01
second-order MgllerPlesset perturbation theory (MP2jand
the coupled-cluster (CC) method with single and double iy

excitations (CCS¥P augmented by a perturbational estimate

of the effects of the connected triple excitations [CCSDE)]. :
Dunning’s correlation-consistent polarizeduple ¢ basis sets J

cc-pvnZ?2with n € {D, T, Q} were employed extensively. For HI’

sulfur, they were replaced by the cc-pM{d)Z basis sets where 02’

an extra hardd function was added to take into account Figure 2. The second conformer of 880, (Cs symmetry).

innershell polarization effects in the case of second-row aféms.

Throughout this paper these basis sets are abbreviated aJABLE 1: SO Bond Lengths (A) in Some Sulfur Derivatives

H1

V(n+d)Z. Versions of \WZ sets augmented with diffuse e} e SOs SOF, HOSH
functions (aug-cc-p\(+d)Z, AV(n+d)Z in short}* were also r 1481F 14308 14173 14013  1.6616(1)
employed. To improve computed equilibrium structural param- ccsp(T)(fcy 1.4931  1.4469  1.4261 1.4076  1.6720
eters through the inclusion of core correlation efféétthe V(T+d)Z

correlation-consistent polarized weighted core-valemogple offset —0.0120 —0.0161 —0.0088 —0.0063 —0.0104
& (WCVnZ)2627 were used. We also used mixed basis sets Mljc%rcrzrciion —0.0034 —0.0036 —0.0035 —0.0034 —0.0034
composed of, for example, VTZ on all non-hydrogen atoms and CCSD(T) core —0.0029 —0.0028 —0.0028 00035
VDZ on H, denoted as V(T,D)Z. correction

The CCSD(T) computations were performed with the
MOLPRC®-30 glectronic structure program package, while the
lower-level B3LYP and MP2 computations utilized the Gaussian
03 (G03) prograni! Most calculations were performed on the

HP-XC 4000 cluster of th_e UITBNUB computing center. V(T+d)Z levels of theory confirm the existence of two stable
The frozen-core approximation (hereafter denoted as fc), that conformers, the, form being more stable by 5.5 kJ/mol at the
is, keeping the 1s orbitals of the first-row atoms and the 1s, 2s, MP2/V(T+d)Z level and by 5.3 kd/mol at the MP2/V¢Qi)Z
and 2p orbitals of S doubly occupied, was used extensively to |5 q|. Adding diffuse functions (MP2/AV(@d)Z level), the
perform correlated-level calculations. Some geometry optimiza- yitterence decreases to 3.28 kJ/mol. It was checked that this
tions were also carried out by correlating all electrons (hereafter .o tormer has no imaginary vibrational frequency, that is, it is
denoted as ae). a true minimum. Note that the top of the barrier between the
The anharmonic force field has been evaluated using GO3. o conformers lies 14.8 kd/mol above tBgconformer at the
The harmonic part has been obtained using analytic secondyvip2/vTZ level of theory. It is interesting to note that tfie
derivatives of the energy, and the corresponding cubic and conformer has a larger dipole moment and could therefore be
quartic force fields have been determined in a normal-coordinate gpservable by microwave spectroscopy even though it is not
representation via numerical differentiation of the analytically the more stable one. For th& conformer, the results at the
evaluated quadratic force constants, as implemented in GO3.\p2/AV(Q+d)Z level of theory are (in D), = 3.59 andke =

aReference 55° Reference 56°Reference 369 Reference 37.
¢ Reference 38.Offset= r, — r[[CCSD(T)(fc)/V(T+d)Z].

Calculations at the B3LYP/6-3#1G(2d,2p) and MP2/

This procedure was repeated for each isotopologue. 1.38, to be compared with. = x; = 3.09 D for theC,
conformer (the experimental value is 2.73 Dr'his second form
3. Stable Conformers of HSO, is drawn in Figure 2 and is characterized by dihedral angles

r(Hl—Ol—S—Ol’) = —r(Hl’—O’l—S—Ol) = 97.6 degrees,
while both angles are equal te-84.3 degrees in thec,
conformer and to 2.0 angt113.4 degrees, respectively, at the
top of the barrier. The geometries of tlig conformer and of
the maximum of the barrier are given in Table S1 of the
Supporting Information.

There is some controversy concerning the number of stable
conformations of HSO,. Kuczkowski et af could assign the
spectrum of only one conformer but they could not rule out the
presence of other forms. Givan et%atalculated the potential
surface at the MP2/6-3#1+G(2d,2p) level of theory and found
only one stable conformation. This result was confirmed by a
recent B3LYP/VTZ calculation in which a relaxed potential scan .
was performed? However, Al Natsheh et &F found two stable 4. Ab Initio Structure of H 2SO,
forms at the PW91/TZP level of calculation. Their result was  4.1. Offset Method.The structure of th€, form (the more
confirmed by Havey et df who obtained a potential-energy stable one) was first calculated at the CCSD(T)(fc)N()Z
surface using the MP2/6-31G** method. They also confirmed  level of theory. TheT; diagnostic valué? used to estimate the
the existence of two minimum energy geometries of symmetry suitability of the single-reference CCSD(T) method for properly
C, andCs, theCs form being 6.1 kJ/mol above th& one. They describing electron correlation effects, is 0.0147. It is signifi-
also found some evidence of the existence of the secondcantly smaller than the usual cutoff value, 0.020, indicating
conformer in the infrared spectrum, one band observed at 3620.2dominant single-reference character. This suggests that non-
cm! being in good agreement with the calculated value of the dynamical electron correlation is small and that the CCSD(T)
symmetric stretch of th€s form. This conclusion was further  results are likely to be reliable. However, at this level of
confirmed by Hintze et @ who reanalyzed the infrared spectra calculation, the convergence of the basis set is not yet achieved.
of H,SOy, HDSQy, and SO, under higher spectral resolution.  Furthermore, the innershell correlation effects are neglected. The
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TABLE 2: Ab Initio Structure of H ,SO, (Distances in A and Angles in deg)

method CCSD(T) MP2

internal wCVQZ wCVQZ

coordinaté V(D+d)Z V(T+d)Z wCVTZ V(T+d)Z V(Q+d)Z AV(Q+d)Z (fc) (ae) wCVTZ re (1) re(2) re(3) best
1 r(S-0y) 1.6119 1.5854 1.5775 1.5861 1.5813 1.5819 1.5801 1.576 1.5777 1.5750 1.5765 1.5758 1.5758
2 00,~S-0Opy 101.44 102.05 102.112  102.019 102.173  102.198  102.181  102.196 102.103  102.20 102.217 102.206  102.206
3 r(0O—H) 0.9665 0.9662 0.9693 0.968 0.9666 0.9673 0.9666 0.9658 0.9755 0.9636 0.9640 0.9596 0.9640
4 [OHOS 106.75 107.87 108.270 107.710 108.240  108.375  108.298  108.403  108.133  108.40 108.509 108.541  108.509
5 7(HOSOy) —83.20 —84.28 —83.573 —83.743 —84.282 —84.206 —84.164 —84.304 —82.625 —84.82 —84.958 —85.251 —84.958
6 r(S=0,) 1.4301 1.4191 1.4129 1.4201 1.4173 1.4184 1.4153 1.4121 1.4139 1.4103 1.4131 1.4111 1.4111
7 00,-S=0, 105.34 105.66 105.664  105.518 105.529  105.494  105.522  105.553 105.476  105.67 105.705 105.741  105.741
8 1(0,=S— —112.95 -113.44 —113.549 —113.488 —113.592 —113.648 —113.604 —113.614 —113.641 —113.54 —113.555 —113.522 —113.522

0,-Oy)
9 00,~=S=0, 125411 124.249 124.073 124.34 124.163  124.117  124.153  124.100 124.153 124.077 124.012 124.021  124.021
10 7(O,— mO,—  87.853 87.986 87.936 87.817 87.801 87.740 87.789 87.815 87.703 87.971 87.997 88.049 88.048

mO,—0Oy)°

aThe coordinates 1 through 8 form a complete set of independent internal coordinates defining the structut@-sf/tmetric HSOs; an

alternative, more easily visualizable set is defined by coordinates 1 through 6 plus 9 and 10. The former set corresponds to the output of the

guantum-chemical calculationsmO; = mid(O;,0r), MO, = mid(0,,0z).

TABLE 3: Effects of the Basis Size on the Structural
Parameters (Distances in A and Angles in deg)

TABLE 4: Experimental and Computed Quartic
Centrifugal Distortion Constants for H,SO, (in kHz)

molecule parameter AN(T)2  A—N(Q) 5-Q° exptk calcd exptl — calcd
SO r(SO) 0.0016 0.0003 —0.0020 Taasa —8.98(64) —8.98 0.00
SG 0.0037 0.0013 -—0.0017 Thbbb —6.78(47) —6.59 —0.19
SG; 0.0030 0.0009 —0.0015 Tecce —12.8(79) —6.68 —6.12
HOSH 0.0033 0.0011 -0.0017 T1 —8.33(75) —6.68 —0.70
:gga r(OH) gggfg 88835 08%%;52 aReference 2° From the ab initio force field calculated at the MP2/
BFOH 00013 00007 00000  ©6-311G(2d,p), see text.
BH,OH 0.0011 0.0006 —0.0001
BHFOH 0.0012 0.0006 —0.0001 accurate offset for the-SO bond length, HOSH is the only
gggz:gggH 8-88%2 8—8331; 8-3883 molecule available for comparison, because it was not possible
cis HCOOH 00018 0.0008 0.0001 to find another molecule with a smgle.—_S).bond whose
BF,OH BOH 0.35 0.08 0.12 structure is accurately known. The equilibrium structure of
HOSH OHOS 0.70 0.24 0.22 HOSH was calculated at the CCSD(T)(ae)/CVQZ level of theory
HNSO ONSO —-0.39 —0.16 —0.05 by Baum et aP® These authors also determined an accurate
BH,OH 0OBOH 0.21 0.09 0.10 semiexperimental structure from the rotational constants of four
tcriz-n:gggHOH g:gg 8-‘5“3‘ 8-% 8-%’ isotopologues. The equilibrium valuerigS0)= 1.6616(1) A
transHONO OHON 0.44 0.01 0.18 and the CCSD(T)(fc)/V(Fd)Z value is 1.6720 A giving an
SO, mle)Ye) —-0.28 —0.10 —0.03 offset of —0.0010 A
HOSH 7(HOSH) 0.47 0.20 0.13 The same procedure can be applied to the OH bond, this time

AAV(T+d)Z — V(T+d)Z. ® AV(Q+d)Z — V(Q+d)Z. ¢ V(5+d)Z —
V(Q+d)Z.

remaining errors are generally mainly systematic and correction

factors, or “offsets”, may be estimated by comparing with results

on molecules whose structure is accurately known and whose 4 5 gecond Method. Another way to

bonding is similar. For this reason, we also calculated the
structures of S@and HOSH at the CCSD(T)(fc)/V(Fd)Z level

of theory. These results are listed in Table 1.As far as th®S
bond length is concerned, the bonding isS®, and SQ are
similar. The equilibrium structure of SQvas already deter-
mined theoretically$? the value being«SO) = 1.41764 A.

Furthermore, the experimental equilibrium structure was deter-

mined independently for three isotopologues: 1.417340(1) A
for 325160,,34 1.417347(7) A for4Sl603,35 and 1.417339(3) A

for 34S'80;.36 The agreement between these different values is

excellent. The CCSD(T)(fc)/V(¥d)Z S=0O bond length in S©
being 1.4261 A, one can estimate the related offsehrto=
—0.0088 A. It is also possible to determine an offset fromfRQ
from the equilibrium valuer(S=0) = 1.401(3) &7 and the
CCSD(T)(fc)/V(T+d)Z value 1.4076 A, to—0.0066 A. This
latter correction is less precise than but fully compatible with
the former one.

In HOSH, sulfur is divalent, whereas it is hexavalent in
H,SO,. Although this is not ideal for the prediction of an

using equilibrium structures recently determigdhe resulting
offset for the OH bond is-0.0026 A with a standard deviation
of 0.0008 A.

The CCSD(T)(fc)/V(H-d)Z structure corrected with these
offsets is given in Table 2 where it is calleg(1).
improve the
CCSD(T)(fc)/V(T+d)Z structure is to calculate the structural
effects of further basis-set improvement at a lower level of
theory. For this goal, the MP2 method is known to give
satisfactory result$’=42 To estimate the core and core-valence
correlation effects, the wCVQZ basis set was employed with

the MP2 method. The MP2/wCVQZ core correction is indeed

accurate for bond lengths involving first-row atdfhisut slightly
overestimates the correction when a second-row atom is
involved in the bond3 However, this overestimation is rather
small in the particular case of the SO bond. Calculations on
SO, SG;, and HOSH indicate that the error is smaller than
0.0010 A, see Table 1 (it is negligible for the single S bond

and amounts to 0.0008 A for the=® bond). The structure
labeledr(2) in Table 2 is calculated with the following formula:

r(2) = CCSD(T)(fc)V(TH+d)Z +
MP2(fc)/V(Q+d)Z — MP2(fc)V(T+d)Z +
MP2(ae)wCVQZ— MP2(fc)wCVQZ (1)
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TABLE 5: Calculated Harmonic Wavenumbers @; and Anharmonic Vibrational Band Centers v; for H,SO, (in cm=1)#

matrix matrix matrix present present
sym mode type gas Are o Ned liquid®  crysg Wi Vi |obsd— calcd
A 1 OH sym s. 36092 3563 3591.6 2970 2970 3788.22 3610.0 0.8
2 S=0,syms. 12222 1216.1 1218.6 1222.0 1240 1229.3 12115 11.0
3 SOH sym b. 1138 1135.9 1134.2 1137 1170 1175.4 1142.5 4.5
4 S(OH)} sym s. 8341 831.4 8423 835.2 910 907 815.0 796.4 37.7
5 S=0, b. 550.3 548.1  549.4/545.8 563 548/573 541.1 535.6 14.9
6 O-S=0bh. 400 421.7 422 412 440.6 404.5 45
7 O—S=0 twist 380/398 3785 392 386 373.1 353.6 26.4/36.4
8 OH sym torsion 224 332 257.6 232.7
B 9 OH asymss. 3609% 3566.7 3591.6 3603.3 2450 2450 3783.0 3605.2 4.4
10 S=0,asyms. 1465%2 1452.4 1452.0 1461.2 1368 1365 1487.2  1462.1 3.1
11 SOH asym b. 115721 1156.9 1156.4 1195 1170 1189.0 1161.2 4.1
12 S(OH) asym s. 8914 881.7 884.6 887.3 973 967 871.4 850.1 41.3
13 0O-S=0 rock 568 558.0 578/560 623 543.9 536.9 311
14 S=0, wagging 506 422 491.4 483.8
15 OH asym torsion 265 287.7 675 650 333.3 290.9 25.7
Other Bands
present
mode gas Vi |obsd— calcd
3? 2278 2275 3
2+10 2676.8 2665 12
9—-15 3328.8 3314 15
9—-8 3393.9 3372 22
8+9 3825.2 3838 13
9+ 15 3890.8 3896 6
3+9 4736 4737 1
1+11 4760.8 4761 0
9? 7060.7 7092 31
9+ 3/11 8163
g3h 10350.3

#Normal mode types (s: stretching; b= bending) are in agreement with Figure 3. Combination and overtone band assignments are based on
optimal energy match with predictions from the present calculations. All experimental values correspond to bandiprigiReférence 8; information
on band contours and relative intensities are provid&eference 5¢ Reference 6; information on band contours is providegeference 7.
¢ Reference 9; relative intensities are provideReference 10; relative intensities are provideeference 11" Preference was given to combination/
overtone involving mode 9 rather than mode 1 because mode 9 is predicted to be the predominant contribution in lower energy bands. No calculated
value is provided because it is difficult to reliably access the role of the Darl@nnison anharmonic resonance for such high excitation ranges.
Relevant information is also available in the following: GigeieP. A.; Savoie, RCan. J. Chem196Q 38, 2467. Walrafen, G. E.; Dodd, D. M.
Trans. Faraday Sacl961 57, 1286. Gillespie, R. J.; Robinson, E. &an. J. Chem1962 40, 644. Stopperka, K.; Kilz, FZ. Anorg. Allg. Chem.
1969 370, 49; Anorg. Allg. Chem1969 59. Majkowski, R. F.; Blint, R. J.; Hill, J. CAppl. Opt.1978 17, 975. Eng, R. S.; Petagana, G.; Nill, K.
W. Appl. Opt.1978 11, 1723. Shingaya, Y.; Ito, MChem. Phys. Letfl996 256, 438—444 (but not included in the table). Numbers from a private
communication (by Feierabend, K. J.; Havey, D. K., Hintze, P. E.; and Vaida, V.) are cited by Miller, Y.; Cahaban, G. M.; Gerbégr, FyB.
Chem. A2005 109, 6566-6574.

The agreement betwean(2) andr¢(1) is pleasing, the only =~ OH bond length which is known to be more accurately
significant difference being for the=80 bond, for whichrg(1) determined by the previous two methods. This third structure
= 1.4103 and¢(2) = 1.4131 A. This is somewhat surprising is in very good agreement with the previous ones, except, as
because, from the preceding discussion of the core correction,expected, for the OH bond. It is interesting to note that for the
we would expecte(2) < re(1). This probably indicates thatthe  S=0 bond, one hasg(1) < re(3) < re(2). The differences are
offset derived from S@is too large. This discrepancy does not rather small €0.003 A) and, in the absence of decisive criteria,
arise from the neglect of the diffuse functions. Indeed, although e selected the intermediate valug3), as the best estimate.
their effect is likely to be important, diffuse functions (at the 4.4. Accuracy of the Equilibrium Structure. There are
CCSD(T)/AV(T+d)Z Ilevel) increase the=80 bond length by_ mainly two factors which may affect the equilibrium structure:
0.0030 A for SQ, their neglect similarly affects the results in the missing contribution of the diffuse functions and the fact

H2SQ; and thus cancels out in the present calculations. that the basis set is not yet fully converged at the quadrgiple-

43 Th'rd Method._A th'.rd way to det_ermme the ab initio level. As already pointed out, the effect of diffuse functions
equilibrium structure is to first calculate it at the CCSD(T)(ae)/ are indeed not negligible at the triptgtevel as can be seen in

WCVTZ level. To save computer time, the 1s electrons of sulfur Tables 2 and 3. However, it is well established that their effect

were kept frozen because they lie too deep to interact ap- . . . .
preciably with the valence shell. Furthermore, the small VDZ rapidly decreases as the size of the basis set increases, see for
’ d’nstance Table 3. This is again confirmed foS0, in Table

basis set was used for the H atoms. Then, the correction due t 8 . ; .
2, even for the dihedral angles for which their effect is smaller

basis set enlargement was calculated at the MP2 level. The

structure, callede(3), is calculated using the following formula; ~ than 0. at the AV(Qtd)Z level. Table 3 also addresses the
convergence problem. The results indeed confirm that the basis

r«(3) = CCSD(T)(ae)/wCV(T,D)Z+ set is not fully converged at the quadrugldevel. But it is

MP2(ae)/wCVQZ— MP2(ae)wCV(T,D)Z (2) interesting to note that the effect of basis set improvemen.t (VQz
— V52Z) is small for the bond lengths, and furthermore in the

This structure is expected to be accurate except perhaps for theopposite direction to (and of the same order of magnitude as)
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the effect VQZ— AVQZ. Although the V5Z basis set is too
large to be used for $$0Oy, it may therefore be safely concluded
that the structure obtained at the quadruplevel is accurate

for the bond lengths, the accuracy being about 0.002 A. As far
as bond angles are concerned, the situation is less favorable
because now both corrections have the same sign. However,
inspection of Table 3 shows that the accuracy remains good, of
the order of 0.20.3. The case of dihedral angles is different
because much less energy is required to distort them than bonc
angles. As an example, the distortion afl€CCC) bond angle

by 1C° requires 10.3 kJ/mol, compared to 0.9 kJ/mol for the

4]

torsional distortion of the CCCC chain by*1# In consequence,

the dihedral angle is determined with an accuracy which is about ,.;\‘ e 4 \ x“
1 order of magnitude lower than that of the bond angles. One s

should finally note that, for the dihedral angles of34y, the

contributions of the diffuse functions and of the core correlation

are small. This situation is different from other case studies such

as HO,, for which the core correlation increases the torsional u
angle by 2.4.4 \\. 4‘ *“\ ./J
.27 V4

5. Semiexperimental Structure

In this section, the theoretical rotatiemibration interaction Vi2
constants ¢-constants) deduced from an ab initio anharmonic \
force field are combined with the known experimental ground- e =9 3
state rotational constants to yield the semiexperimental equi- W /.r /\'
librium-rotational constants. These latter constants are input in m
a least-squares fit program to calculate the equilibrium structure. Vs Vig Vys

5.1. Anharmonic Force Field. We checked that the MP2/
6-311G(2d,p) level of theory was good enough to predict a |
reliable force field. Particularly, this was confirmed by a
calculation made with the significantly larger basis set
6-3114+G(2df,2p) for the parent isotopologue. The experimental
and calculated quartic centrifugal distortion constants are that the largest deviations are observedifgrv,, v12, andvis.
reported in Table 4. Although the experimental values are not The use of the force field calculated at the MP2/6-8G12df,2p)
precise, the agreement is satisfactory. Table 5 lists the computeddnly slightly reduces the deviations. The calculated values from
harmonic wavenumbers; and vibrational band centers for this second force field are (in c®) v4 = 813.1,v7 = 373.3,
all normal modes of vibrations. These are pictured in Figure 3, v1, = 862.2, andv13 = 559.9. The slight improvement (13 to
which illustrates and globally confirms the vibrational assign- 23 cnt?) is mainly due to a better harmonic force field.
ments previously made in the literatbifdor the different modes 5.2. Semiexperimental Equilibrium Structure. The ground
(see Table 5). It is worth noting, however, that significant state, semiexperimental equilibrium, and ab initio equilibrium-
mechanical coupling occurs in some of the normal coordinates. rotational constants are given in Table 7. It is obvious that the
In particular, let us point out the admixture of (a)symmetric ab initio rotational constants are much closer to the semi-

Figure 3. Normal modes of theC, conformer of sulfuric aC|d
calculated at the MP2/6-311G(2d,p) level. Atomic displacements are
scaled by a factor of 1.5 for all modes.

SOH bending with (a)symmetric=80, stretching in {10) v2, experimental than to the ground-state values. This is again an
and the mixing of symmetric=8O, bending with OH symmetric  indication of the quality of the force field and of its compatibility
torsion and G-S=O0 twist in vg and vy, respectively. The full with the ab initio structure. The agreement is optimal forBnhe

set of anharmonic constantg was also computed. The values rotational constants where the largest deviation is only 0.57
are given in Table 6. The comparison of the computed band MHz. Itis, however, less satisfactory for tlieconstants which
centers with the experimental gas-phase values from theshow differences up to 9 MHz, that is, 0.18% of the rotational
literature is again satisfactory. We selected the most recentconstant only, but 50% ofG. — Coy). To check if this
experimental values to appear in Table 5. Additional information disagreement could be attributed to the neglect of the magnetic
on band contours and/or relative intensities can be found in refscorrection?® we calculated this correction at the B3LYP/AVTZ

6 and 8. We included in Table 5, for completeness, the valueslevel of theory using gauge-including atomic orbitals (GIA®S),

of the fundamental bands as reported in the literature from otherin the absence of experimental values for the rotatigriehsor.
phases and environments. All published overtone and combina-The B3LYP/AVDZ results given in parentheses indicate that
tion band centers are also listed in Table 5. The reported convergence is achieved, providing reasonable confidence into
assignments were selected from comparison with predictedthe calculated results. These ggg= —0.051 (-0.051);Qgop =
band-center energies calculated using the present constants—0.0045 (-0.043) andg.c = —0.045 (-0.044). This amounts
These assignments, thus only based on energy match, confirnto an increase of the rotational constants of 0.12 MHz, which
and sometimes refine those proposed in the literature. The veryis negligible. The disagreement for tleconstants is therefore
good agreement for all fundamental, combination, and overtone due either to a defect of the force field or to the inaccuracy of
bands supports the quality of the present force field. It is the ab initio structure. This point will be discussed below.
interesting to point out that the present predictions show better It is not possible to input the semiexperimental equilibrium-
agreement with the experimental values than the calculated CC-otational constants just determined in a least-squares fit program
VSCF band centers of Miller et &.Finally, it has to be noted  to calculate a meaningful equilibrium structure because the
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TABLE 6: Anharmonicity Constants x; (cm™) of H,SO, Calculated at the MP2/6-311G(2d,p) Level of Theory

i j 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 —40.89
2 —163.46 —40.81
3 —2.04 —-2.05 -3.67
4 —1.15 —1.13 —844 -2.78
5 —10.12 —-10.18 —3.34 —-1.87 —4.17
6 —10.77 —10.80 —4.59 —-1.31 —-17.83 —4.85
7 —-0.98 -0.97 0.09 —-1.62 —-2.79 —-8.74 -—-261
8 —-091 —-090 -0.93 -—-1.06 0.68 —152 —-8.45 —2.20
9 —-042 —-041 -2.67 -—1.60 0.40 0.57 —2.13 —2.11 -0.15
10 —0.38 —-0.34 —249 -164 0.94 1.81 —2.23 —-153 -0.12 -0.17
11 -1.11 -1.10 -1.27 -1.21 0.17 0.95 —2.49 —2.88 0.09 —0.35 —0.01
12 —-0.13 0.00 —190 -117 -0.71 207 —-1.25 —-179 —-0.80 —-141 -148 —-3.33
13 0.14 0.24 —-1.16 —-1.75 0.21 0.24 —-1.43 -—-1.21 0.38 —0.34 —-0.94 -6.82 -1.60
14 —142 —-1.48 -—-3.56 0.42 5.22 —2.55 287 —456 —-2.77 —-164 —-1.77 -1984 552 —8.20
15 —0.06 0.10 —1.15 -0.88 0.28 6.22 —2.15 —-1.15 —-1.79 —-0.76 —-1.64 —23.73 —-14.76 —-1547 181
TABLE 7: Ground State (0), Semiexperimental Equilibrium TABLE 8: Structures of H,SO, (Distances in A and Angles
(se) and ab Initio Equilibrium (e)-Rotational Constants in deg)
(MHz) for Sulfuric Acid semi-
H.SO, H2%S0O, HDSO, D2SOy internal coordinates abinifio experiment&l  empiricaf
Ao 5160.61 5159.04 5122.31 5042.42 r(S—0) 1.5758 1.5751(10) 1.574(10)
Bo 5024.53 5023.04 4831.92 4651.80 0(0:-S—0r) 102.206 102.27(9) 101.3(10)
Co 4881.02 4881.20 4725.75 4613.25 r(0O—H) 0.9640 0.9645(13) 0.970(10)
Ac— Ao 25.91 25.63 22.75 20.09 OMH-0-S) 108.509 108.58(9) 108.5(15)
Be — Bo 54.54 54.29 48.87 43.79 7(H1-01-S—Or) —84.958 —86.66(12) —89.1(10)
C.—Co 11.77 11.60 15.63 18.81 r(S=0) 1.4111 1.4099(9) 1.422(10)
& 5186.66 5184.82 5145.20 5062.65 0(01-S=03) 105.741 105.722(23) 106.4(5)
Bs& 5079.19 5077.46 4880.90 4695.70 7(0,=S—-04-0Or) —113.522 —113.844(73) —113.7(10)
Csé 4892.91 4892.92 4741.49 4632.17 J(0=S=0y) 124.020 123.54(13) 123.3(10)
Ac 5184.70 5182.87 5142.52 5058.19 (0O —MO,—mO;—0y)¢ 88.049 87.84(2) 88.4(1)
Be 5078.86 5077.11 4880.33 4695.26 . . .
C. 4883.75 4883.75 4735.05 4629.08 aThls_ work, see last column of Table 2Th|s_ work, mixed
Ace— Ao 1.96 1.95 2.68 4.46 regression, see texiro, I's structure; ref 24 mO; = mid(0,0r), MO,
Beo— Be 0.33 0.34 0.57 0.43 = mid(C,0z).
gj:_ E;ICAO gég géi _604811 _%0191 TABLE 9: Cartesian Principal Axis Coordinates (PAS) of
Beo — Bowied? 0.07 003 —0.28 0.19 H2894 (cc,),rrespondlng to Columns “ab Initio” of Table 8
Cse— Coacd  0.02 0.02 0.33 ~0.36 and “best” of Table 27
aMagnetic correction taken into account, see téResidual of the atoms a[Al b[A] clA
least-squares fit, values calculated using parameters of last column of S 0.00000 0.00000 —0.13245
Table 8. O 1.04546 —0.64111 0.85701
. . . Or —1.04546 0.64111 0.85701
number of |sot_opologues (i.e., the number of data) is too sma_II. H, 1.68150 0.03700 1.11169
This problem is made worse by the fact that the sulfur atom is Hy —1.68150 —0.03700 1.11169
close to the center of mass (about 0.13 A). Hence, the rotational Oz 0.61483 1.08377 —0.79468
constants of KP4SQ, practically do not bring any new informa- Oz —0.61483 —1.08377 —0.79468
tion. Furthermore, K80, is a heavy molecule with large aThis table uniquely defines the position of that partner in each of

moments of inertia. Thus, the effect of an isotopic substitution the three pairs of symmetry-equivalent atoms to which a prime has
on these moments of inertia is small and impedes the determi-been affixed. Disregarding a common sign change of components a
nation of an accurate structuf&To overcome these difficulties, and c of all atoms, this table can be directly compared with Table 7 of
we used in the least-squares fit the ab initio parameters (Table'ref 2.
2, “best”) as predicate observatidhi addition to the semi- (10 MHz accuracy instead of 0.4 MHz) shows that @ll
experimental equilibrium rotational constants. This “mixed constants have similar residuals: £X.9 MHz. Furthermore,
regression” technigque has two advantagfe@) using data of the underweighting of th€ rotational constants is almost of
different origins improves the conditioning and makes the errors no significance for the derived parameters. Finally, as a further
more random, and (ii) it allows the compatibility of the data to check, the iteratively reweighted least-square method was
be checked. applied with Huber weighting! It confirms that our choice of

A weighting procedure was used, based on accuraciesthe weights is roughly correct.
which were assumed as follows: 0.002 A for the bond lengths,  Table 9 presents the principal axis (PAS) coordinates of the
0.2° for the JOSO bond angles, C%or the THSO bond angle, ab initio structure of Table 8. The result of a calculation of these
0.5° for the torsional angles excep(H10:S—0y) for which Cartesian coordinates from a complete set of independent
1° was chosen. The accuracy of the semiexperimental equilib- internal coordinates (e.g., the first eight internal coordinates of
rium-rotational constants was assumed to be 0.4 MHz. The Table 2 or Table 8) is not unique: a common sign change of
resulting structure is given in Table 8 where it is compared with any two of the three PAS coordinate componeatb, or ¢ of
the ab initio structure and the previous empirical structure of all atoms does not change the structure. However, affixing the
Kuczkowski et af The largest, still acceptable, residual is found prime to one partner of a pair of symmetry-equivalent atoms is
for the C rotational constant of §50,: —0.36 MHz (see Table unambiguous and is more clearly seen in the Cartesian
7). A fit where all C rotational constants are underweighted coordinate system.
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TABLE 10: Structural Parameters and Stretching Force Concertes de la Communaufeangise de Belgique>. It was
Constants of Selected Sulfuryl Compounds (Bond Lengths in - also performed within the “LEA HiRes”. J.D., M.H., and J.L.
A, Bond Angles in deg, Force Constants in aJ A7) acknowledge financial support from the European Union

molecule  r(S=0) 0oso refforr  f(S=O) refforf (Quantitative Spectroscopy for Atmospheric and Astrophysical
SOF, 1.401(3) 124.91(20) 37 11.22 57 Research, QUASAAR, Contract MRTN-CT-2004-512202).
H,SO;, 1.409(1) 124.02(10) thiswork 10.93 9 H.D.R. thanks the Fonds der Chemischen Industrie, Frankfurt/
FSQCI 1.409(1) 124.04(4) 58 10.85 58 Main, for support. The authors are indebted to ULB for
gazcs:lézF 1113((?3’,)) ﬁig(é)) gi 18231) g; providing an invited international chair to Dr. Demaison (2006).
Cstoza 1_'424(3) 120_'8(8) 60 10.19 57 We thank Prof. C.J. Nielsen (Oslo University) for providing us
(CH3);SO, 1.436(3) 119.7(11) 61 9.61 57 with his harmonic force field. We thank one reviewer for

pointing out the rotational transitions of tA# isotopologues.
6. Discussion . ) ) .
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