5022 J. Phys. Chem. A997,101,5022-5025

Proton Affinity and Acidity of Hypohalous Acids: A Density Functional Study

Tapan K. Ghanty and Swapan K. Ghosh*
Heavy Water Drision, Bhabha Atomic Research Centre, Bombay 400 085, India

Receied: October 31, 1996; In Final Form: April 10, 1997

The acidities and proton affinities of hypohalous acids HOX and also hydrohalic acids HX=fdF XClI, Br,

and | are calculated through the KehB8ham version of spin-polarized density functional theory with several
available local as well as nonlocal gradient-corrected exchaogelation functionals. The calculated values

are observed to be in good agreement with the available reported results. Unlike the proton affinity or acidity
values, the calculated gross electron populations at the atomic sites are not monotonic on going from HOF
to HOI and thus cannot explain the calculated proton affinity or acidity trend. However, the trends in acidity
as well as proton affinity are rationalized, in general, in terms of the calculated values of atomic Fukui reactivity
indices.

1. Introduction thus play a very important role. Very recently, Glukhovtsev et
all have calculated the acidities and proton affinities of

The proton affinity (or basicity) and acidity of a chemical hypohalous acids using the G2 theory.

species are two important thermochemical properties that have A S d .
attracted considerable attentiohin recent years. The site of In view of the S|r_an|_C|ty of the density functional _ap_proa_ch
protonation or deprotonation of a given base or acid possessingamo_| Its recent e_lppllca_\tlon to the study of proton affinities, it is
more than one possible site is usually difficult to determine of Interest to investigate t.h.e peff"rmar.‘ce of DFT for the
experimentally, and the situation is even more complicated in calculation of proton affinities of this important class of .
the presence of a solvent. Moreover, the experimental results™0écules. An added advantage of a DFT-based procedure is

mostly correspond to the most reactive sites of the molecules.that not only does it provide a S'mp'eT route to the electronic
On the other hand, theoretically the properties of all the structure of atoms, molecules, and solids but it also often leads

protonated and deprotonated species can be computed using thi® means of rat|onaI|za_1t|on and pr_edlctlon of various physico-
same level of theory, and one can thus obtain rather accurateChemlcal phenomena in terms of important chemical concepts

L 5 .
estimates of relative proton affinity and acidity. There are suqh as ele(;gronegatlwﬂﬁ/,_hardnesé, softngs; and fr.ontler
several ab-initio methods, out of which, the Gaussian-2 (G2) orbital theory!® and generalized electronegativity equalizatfon

model is one of the best theoretical approaches available, which _by providing a foundation for the existing concepts or by

has been fouridto provide reasonably accurate estimates of '“tfof’_ucmg newer concepts. Thu_s, besides predicting t_he proton
proton affinities! But this method is not practicable for larger affinities thrqugh .DFT. callculanon, our aim_here IS also
molecular systems. There are however several other mOreconcerned with rationalization of the observed trends in these

economical methods (such as G2(MPR obtaining proton quan_tit_ie; fo_r the molecules ;tudied ?n terms of the calcu_lated
affinities, a relative comparison of which has been given by reactivity |_nd|cl(:?,75uch as partial atomic chatgesd the atomic
Smith and Radorf\. In recent years, however, another approach Fukui indices.>
that has become quite popular is the density functional theory
(DFT),X%which has established itself as a highly successful and
versatile tool for the computation of molecular properties, For the present calculations, we employ the spin-polarized
maintaining a good compromise between accuracy and perfor-Kohn—Sham version of DFT, where up- and down-spin electron
mance. Recently, predictions of several thermochemical prop- densitiesos(r) andps(r) are the basic variables and are obtained
erties including proton affinities based on calculations using by solving the Koha-Sham equatiori8 for the spin orbitals
DFT-based methods have been reported (see, for example, ref§with i = 1—N) given by (atomic units are used throughout)
2, 3, and references therein). 1

It is well-known! that the hypohalous acids, HOX (3¢ F, _ig2 4,0 () = ¢ .
Cl, Br, and 1), are important from an atmospheric chemistry 2V T el L Pob) [ Yiol1) = €iot/io(1) @
point of view. Thus, HOCI and HOBr have been involved in .
catalytic cycles in the seasonal depletion of the ozone layer in Where po(f) = YiNiopio(r) and pis(r) = [yio(r)[?, with the
the stratosphere and can also serve as temporary reservoirs foPccupation numbens;; satisfyingy ini; = No, whereN, (for o
ClO, and BrQ. It has been suggested that HOI is involved in  — & OF ) denotes the number of up- or down-spin electrons
tropospheric iodide chemistry and also serves as a volatile carrier@?d N = No + Ns. Here, the spin-dependent KohBham
of radioactive iodine ¢4). The hypohalous acids are strong €ffective potential is given by
oxidizing agents and are of special intetdstcause they reflect dr' o(r’)
an interplay between the-inductive effect and repulsive o (r) = o (r:
interactignsybetween the lone pairs. The chemical Fi)nstability Vo) = (1) + f Ir —r'| Fitelriltpat) @
of the hypohalous acids however renders the accurate experi- ) e
mental determination of their properties rather difficult. Theo- Where the exchangecorrelation (XC) potentialiuyc, is given

retical studies on the properties of the hypohalous acids canPy the functional derivative dEyc[p,.04l/0p,(r)] of the XC
energy functionaExc[{p-}]. The total energy can be obtained
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dr dr'o(r) p(r') set? and the fine grid option of deMon for density calculation
E= zz i — —, + Excl{p}] — here. In DFT, the form of the XC energy density functional is
Ir—r'| not yet known exactly and hence has to be approximated. The

dr u° 1 (3 simplest approximation is the local spin density approximation
ZI xcltpoteq(r) (3) (LSD),2t which however is known to yief underestimated

values for the proton affinity calculation, and hence one requires
and hence the proton affinity can easily be estimated from the a nonlocal gradient-corrected XC functional. For the present
calculated energies of a molecule and the correspondingcalculations, we have employed three common standard nonlocal
protonated species. The solution of the Ket8ham equations  functional forms, viz., (i) the PerdewWang XC functional
also leads to the partial atomic charges as well as other new(PW91)22 (ii) the Perdew XC potential (PP8632* and (iii)
reactivity indices such as the Fukui functibhgefined within the Becke exchange and Perdew correlation functionals{&P).

the framework of DFT as For the purpose of comparison, we have also carried out the
calculations using an LSD approximation to the XC functionals
] [ap(r) @ due to Vosko, Wilk, and Nusair (VWN§
~ [ou(n)

3. Results and Discussions
which are useful for the prediction of chemical reactivity. The

derivative discontinuity associated with this function can lead We have calculated the electronic structure of different
to three derivatives, viz., the right, left, and the average, denotedhypohalous acids HOX and the corresponding protonated species
asft(r), f~(r), andfo(r), respectively. For the investigation of H,OX* and HOXH" as well as the deprotonated ions OFor
the proton affinity, however, the electron density transfer that X = F, CI, Br, and I. Calculations are also performed for the
is encountered is from the attacking site of the molecule to the species HX, X, and HX*. The geometries of all these
proton, and hence the quantity of interesfigr), which can molecules and ions have been optimized using the PW91 XC
be expressed within the finite difference approximation as  functional, and the resulting optimized geometries are reported
in Table 1. The bond lengths and bond angles obtained are
f(r) = [on(r) — pnealr)] (5) comparable to those reported earlier by Glukhovtsev gbased
on G2 calculation, and the trend of their variation for different
While the position-dependent Fukui function provides a detailed X is also consistent with the electronegativity parameter of X.
picture, one can often obtain averaged but sufficient information The same optimized geometries are then used as inputs for the
from the corresponding condensed Fukui functions on each energy calculation of all these species using the other three XC
atom?617 The condensed Fukui functiofy on atom A is energy functionals mentioned earlier. The proton affinity values
given by are obtained from the calculated total energies of the species
reported in Table 2 involved in the different proton transfer
» = [0a(N) — gu(N — 1)] = g,(HOMO) (6) processes and are reported in Table 3 along with the results of
G2 calculations of Glukhovtsev et &llt is interesting to note
where ga(N) and ga(HOMO) represent respectively the total that the proton affinity values obtained by the present method
charge on atom A and the contribution of the highest occupied using XC functionals (PW91, PP86, BP) are always higher than

molecular orbital (HOMO) to it in théN-electron molecule. the predictions of the G2 method, while that of the LSD
All the calculations in this work have been done using the approximation does not show such systematic trend. While it
Gaussian density functional program deM8nwhere the is difficult to assess whether this trend is a consequence of the

Kohn—Sham molecular orbitals are expanded in a basis of electron correlation effects as included in DFT, it is interesting
Gaussian type orbitals. We have used the DZVP orbital basisto note that the available experimental vaki&slso reported

TABLE 1: Calculated Geometries of HX, HOX, OX~, H,X*, H,OX*, and HOXH™ Species (X= F, Cl, Br, and 1)
species R(O—X) (A) R(H—0) (&) R(X—H) (A) OHOX (deg) OHXH (deg) OOXH (deg) OHOXH (deg)

HF 0.926

HCI 1.284

HBr 1.426

HI 1.625

HOF 1.457 0.975 94.4

HOCI 1.740 0.976 100.2

HOBr 1.884 0.977 100.0

HOI 2.056 0.977 101.8

OF 1.552

OocCI~ 1.769

OBr- 1.886

oI~ 2.013

HoF* 0.963 1111

H.CI* 1.306 91.7

H.Br+ 1.445 88.5

Hal* 1.636 87.2

H,OF" 1.423 0.993 100.8 111.0
H.OCI* 1.771 0.987 107.9 114.7
H.OBr* 1.939 0.985 107.3 112.9
H.OlI* 2.156 0.981 109.6 114.6
HOFH* 1.518 0.994 0.967 93.8 1011 158.9
HOCIH* 1.687 0.986 1.314 102.9 96.7 96.8
HOBrH* 1.826 0.985 1.453 103.0 93.8 91.7

HOIH* 2.987 0.984 1.644 105.1 91.5 90.3
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TABLE 2: Calculated Total Energies of HX, HoX*, X,
HOX, OX~, H,OX*, and HOXH™ Species (X= F, ClI, Br,
and 1) Using Different Exchange—Correlation Functionals

Ghanty and Ghosh

TABLE 4: Calculated Values of Atomic Charges and
Atomic Fukui Indices of HOX and OX~ Species (X=F, Cl,
Br, and I)2

species PW91 BP PP86 VWN species (o Jo Ox fu fo fx
HF —100.4403 -—100.4746 —100.5503 —99.8239 HOF 0.311 -0.163 —0.149 0.008 0.678 0.315
HCI —460.7451 —460.8116 —460.9429 —459.2674 0.329 -—0.177 -0.152 0.008 0.681 0.312
HBr —2574.4182 —2574.5680 —2574.5574 —2570.7285 0.326 —0.175 -—-0.151 0.008 0.678 0.315
HI —6920.8090 —6921.0396 —6920.6218 —6914.6001 0.347 —0.200 —-0.147 0.008 0.684 0.309
HoF —100.6363 —100.6707 -—100.7437 —100.0160 HOCI 0.311 —0.441 0.130 0.005 0.483 0.512
H.CI —460.9631 —461.0301 —461.1601 —459.4775 0.325 —0.460 0.135 0.006 0.495 0.505
H.Br —2574.6462 —2574.7969 —2574.7852 —2570.9482 0.320 —0.452 0.131 0.005 0.490 0.505
Hal —6921.0524 —6921.2836 —6920.8653 —6914.8333 0.343 —0.475 0.132 0.005 0.485 0.510
F —99.8167 —99.8519 —99.9297 —99.2075 HOBr 0.306 —0.392 0.086 0.005 0.400 0.595
ClI- —460.2028 —460.2701 —460.4018 —458.7349 0.322 —0.424 0.102 0.005 0.410 0.585
Br- —2573.8956 —2574.0459 —2574.0363 —2570.2162 0.316 —0.419 0.102 0.005 0.404 0.592
1~ —6920.3039 —6920.1178 —6920.1178 —6914.1064 0.340 —0.430 0.091 0.005 0.410 0.590
HOF —175.5408 —175.6004 —175.7448 —174.4181 HOI 0.308 —0.472 0.164 0.004 0.315 0.682
HOCI —535.9003 —535.9918 -—536.1901 —533.9199 0.323 —-0.511 0.189 0.004 0.313 0.684
HOBr —2649.5896 —2649.7644 —2649.8218 —2645.3957 0.316 —0.504 0.187 0.004 0.309 0.688
HOI —6995.9995 —6996.2549 —6995.9051 —6989.2863 0.341 -0.510 0.170 0.004 0.312 0.685
OF —174.9457 —175.0064 —175.1543 —173.8287 OF -0.621 —0.379 0.891  0.109
OoCI~ —535.3114 —535.4038 —535.6038 —533.3380 -0.618 —0.382 0.892 0.109
OBr —2649.0033 —2649.1788 —2649.2374 —2644.8171 -0.614 —0.386 0.889 0.111
oI~ —6995.4180 —6995.6738 —6995.3247 —6988.7134 —-0.625 —0.375 0.892 0.108
H,OF* —175.7633 —175.8257 —175.9671 —174.6379 ocr -0.812 —0.188 0.865 0.135
H,OCI* —536.1516 —536.2432 —536.4399 —534.1644 —-0.814 —0.186 0.864 0.137
H,OBr- —2649.8543 —2650.0291 —2650.0858 —2645.6524 —0.804 —0.196 0.864 0.136
HOI* —6996.2805 —6996.5360 —6996.1857 —6989.5582 -0.813 —0.187 0.862 0.138
HOFH* —175.7361 —175.7961 —175.9391 —174.6050 OBr- —0.747 —0.253 0.846 0.154
HOCIH*  —536.1236 —536.2154 —536.4121 —534.1349 —0.756 —0.244 0.843 0.157
HOBrH" —2649.8232 —2649.9989 —2650.0547 —2645.6211 —0.750 -0.251 0.843 0.157
HOIH* —6996.2491 —6996.5052 —6996.1546 —6989.5262 —0.746 —0.254 0.844 0.157
o (o] —0.780 —0.220 0.812 0.188
TABLE 3: Calculated Values of Proton Affinities (in —0.798 —0.202 0.804 0.196
kcal/mol) of HX, X, HOX, and OX~ Species (X=F, Cl, —0.780 —0.220 0.806 0.194
Br, and I) —-0.793 —0.207 0.807 0.193
present calculation aThe four rows for each of the species correspond respectively to
species  PW91 BP PP86 VWN fit. expb the calculated values using PW91, BP, PP86, and VWN prescriptions
HF 1230 1230 1214 1205 1145 1170  °f the XCfunctionals.
HCI 136.8 137.1 136.3 131.8 133.0 1365 The proton affinity corresponding to the process HOX*
HBr 1431 1436 1430 1379 1386 1391 = H,OX" is always found to be higher than the same for the
'I;[' égi; ég?(’)% :1%2%-3 é‘ég-g égg-% é‘%-g formation of HOXH, indicating that protonation is favored at
cr- 3103 3398 3395 3341 3333 23334 oxygen rather than the halogen atom. This is consistent with
Br 3279 3276 13269 3215 3233 3236 the much higher gross negative charges at the oxygen atoms as
I~ 317.0 316.7 316.2 309.8 314.4 314.3 reported in Table 4. Also, the proton affinity values of HOX
HOF 1415 1414 1395 1379 1338 are found to increase from HOF to HOI as the electronegativity
. ﬁ%g’ 112527-87 112516-98 11157?;34 1115?2-90 of the halogen atom (X) decreases from F to |, and there exists
1401 1403 1393 1349 1377 an almost linear correlation between the proton affinities of HOX
HOBr 1660 1661 1657 1611 160.7 and the electronegativit?es of X. The trend in proton affinities
146.6  147.1 146.2 1415 142.4 of OX~ forming HOX is however reverse, and the values
HOI 176.3 1763 176.0 1706 172.0 decrease as one moves from F to I. This can be rationalized
o égg-g é%é éggg égg-g égg; 2684 by the decrease in the atomic Fukui index on the oxygen atom
ock 3696 3690 3679 3651 3548 35 f o in this series. The trend in the_ net atomic charges on the
OBr 367.9 3674 3667 3630 3550 oxygen atoms is however opposite and cannot explain the
ol- 3649 364.7 3642 3595 3541 3%%6 observed trend in proton affinities in these species. Analo-

aliterature values calculated by using the G2 method (from ref 1).

b Experimental values from ref 27 as also quoted in ref Rroton
affinities corresponding to the process H@XH" = H,OX™*. 4 Proton
affinities corresponding to the process HGXH* = HOXH™.

gously, the increase in proton affinity for protonation at the
halogen atoms in HOX forming HOXHfor X = F to | can
also be explained by the increasing trend in the atomic Fukui
index at X, but the gross atomic charge at X fails to provide
any prediction.

in Table 3 are intermediate in most of the cases between the Thus, the atomic Fukui index is found to serve as a good
present results using the nonlocal functionals and the G2 resultscriterion for explaining the trend in proton affinities for
and in general the agreement is good in both cases. We haveprotonation at the terminal atoms such as oxygen im @XX
reported in Table 4 the calculated total charggsdo, andox in HOX, where the gross atomic charge fails to provide any
on the H, O, and X atoms in various species and the respectivesystematic trend. For protonation at the central atom such as
atomic Fukui indicesf,, f5, and f, obtained as charges oxygen in HOX, however, no reactivity index seems to work
contributed by the HOMO using the approximation of eq 6. well. This is probably because the geometry change (see Table
From the reported results it is clear that the gross atomic chargesl) on protonation at this atom is rather large, and for such large
as well as the Fukui indices are quite less sensitive to the formsperturbation, any prediction based on calculation of indices of
of the XC energy functional used. the unperturbed system is unlikely to be successful. Even the
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atomic Fukui indices for HOX calculated for the distorted (2) Chandra, A. K.; Goursot, Al. Phys Chem 1996 100, 11596.
geometry corresponding to the protonated species are found to ~ (3) Merrill, G. N.; Kass, S. RJ. Phys Chem 1996 100 17465.

be unable to provide any conclusive prediction in this regard. ; Pﬁ;,)s %?\Z‘r?]u{'é%'g'fquel”s?ker' W:; Van de Woude, G.; Geerlings, P.
In this connection it may be mentioned that recent studies have  (5) Bagno, A.; Scorrano, GL. Phys Chem 1996 100, 1536.
demonstrated the role of the atomic Fukui index in correct (6) Hillebrand, C.; Klessinger, M.; Eckert-Maksie, M.; Maksic, Z. B.
prediction of the protonation site and proton affinities in amides J- Phys Chem 1996 100, 9698.

. . . .t . . (7) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
and thioamides. Intuitively this is appealing since although the .. Phys 1991 94, 7221.

site with higher gross negative charge would exert more (8) Curtiss, L. A.; Raghavachari, K.; Pople, J.2AChem Phys 1993
electrostatic attraction for the proton, the electron density transfer 98, 1293.
which mainly takes place from the HOMO is expected to be 45(5;) Smith, B. J.; Radom, LChem Phys Lett 1994 231, 345;1995

. . . ; - 23,
larger from the site with the higher value of the atomic Fukui (10) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and

index, leading to increased proton affinity. Molecules Oxford University Press: New York, 1989. Parr, R. G.; Yang,
W. Annu Rev. Phys Chem 1995 46, 701.
4. Concluding Remarks (11) For recent reviews, see: Sen, K. D., Jorgensen, C. K., Eds.

Electronegatiity, Structure and BondingSpringer-Verlag: Berlin, 1987;
The present work has been concerned with a density Vol. 66.

i i inati ; i (12) Pearson, R. GCoord Chem Rev. 199Q 100, 403. For recent
fun.Ctlonal investigation of th‘? protonation Of hypohalo_us al.CIdS’ reviews, see: Sen, K. D., E&hemical HardnessStructure and Bonding
which are known to play an important role in many situations. gpringer-verlag: Berlin, 1993; Vol. 80.

Proton affinity values are knowiro be dominated by a delicate (13) Parr, R. G.; Yang, WJ. Am Chem Soc 1984 106, 4049. Fukui,
balance of contributions from various energy components, and K. Sciencel982 218 747.

i [P ; - (14) Ghanty, T. K.; Ghosh, S. KJ. Phys Chem 1991 95, 6512.
hence the ability to predict it properly is a good criterion for Ghanty, T. K.: Ghosh. S. KJ. Chem Soc, Chem Commun 1992 1502.

assessing the suitability of the approximations used in @ Ghanty, T. K.; Ghosh, S. Kinorg. Chem 1992 31, 1951. Ghanty, T. K.;
theoretical approach. The present work shows that good Ghosh, S. KJ. Phys Chem 1994 98, 1840. Ghanty, T. K.; Ghosh, S. K.

prediction of proton affinities is possible through a density J-Am Chem Soc 1994 116 3943.

. . . . (15) Ghanty, T. K.; Ghosh, S. K. Mol. Struct (THEOCHEM) 1992
functional calculation with nonlocal XC functionals. We have 276 83, and references therein,

also calculated the partial atomic charges and atomic Fukui  (16) Yang, W.; Mortier, W. JJ. Am Chem Soc 1986 108, 5708.
reactivity indices. The Fukui index is shown to be a good  (17) Lee, C.; Yang, W.; Parr, R. G. Mol. Struct (THEOCHEM) 1988
criterion for explaining the observed trend in proton affinities 163 305.

- - . (18) Kohn, W.; Sham, L. JPhys Rev. 1965 140, A1133.
of different HOX and OX species for protonation at the (19) St-Amant. A.: Salahub, D. Rchem Phys Lett 199q 169, 387.

is associated with large geometry changes, consideration of otherd. InDensity Functional Methods in Chemisttyabanowski, J. K., Andzelm,
effects might be essential. J. W., Eds.; Springer: New York, 1991. _
9 (20) Godbout, N.; Salahub, D. R.; Andzelm, J.; Wimmer,an J.
. Chem 1992 70, 560.

ACknOW|edgmem- We are.e.Xtremely grateful to Prof. Denn_'s (21) Local Density Approximations in Quantum Chemistry and Solid
R. Salahub for kindly providing us with his deMon density State PhysigsDahl, J. P., Avery, J., Eds.; Plenum: New York, 1984.
functional program. We also thank Dr. Emil I. Proynov for o 822) Pef&evi\g .Jg-P'},C,S‘eX?"}éf |JH A*Q}""S"% Si;é; JBiCk%%r;le- A
helpful correspondence regarding the deMon program. It is a ~ederson M. R Singh, D. J.; Fiolhais, Bhys Re. 1992 B4g :

. 23) Perdew, J. P.; Wang, Yhys Rev. 1986 B33 8800.
pleasure to thank K. Rammohan and H. K. Sadhukhan for their §24; Perdew, J. FPhys Rg,l 19?3/6 B33 882%; Eﬁatum irPhys Rev.

kind interest and encouragement. 1986 B34, 7406.
(25) Becke, A. D.Phys Rev. 1988 A38 3098.
References and Notes (26) Vosko, S. H.; Wilk, L.; Nusair, MCan J. Phys 198Q 58, 1200.
(27) Burk, P.; Koppel, I. A.; Rummel, A.; Trummal, A. Phys Chem
(1) Glukhovtsev, M. N.; Pross, A.; Radom, I.. Phys Chem 1996 1995 99, 1432.

100 3498. (28) Ghanty, T. K.; Ghosh, S. Knt. J. Quantum Chem(submitted).



