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A new scheme for the estimation of aggregate chemical potential and hardness is introduced and compared
with the results of ab initio calculations for the aggregates as well as with the results obtained by employing
various other combination schemes. Numerical results show that this new scheme provides better estimates
of electronic chemical potential as well as comparable results for hardness with other addition schemes.

1. Introduction and

Within the purview of the density functional theoky the 1 (5%E 13
electronegativityy of an atom has been identifitavith the =5 (—2) =5 (ﬁ) (2)
negative of the chemical potentiabf the electronic distribution, N w(r) ur)

and the chemical hardnegshas been defined as the partial
derivative of the chemical potential with respect to the total
number of electrons at constant external poteftigie estab-
lishment of a rigorous foundation for the popular concepts of 1 1

electronegativity and hardness allows for the introduction of U= §(| + A= E(EL +€y) 3
various combination schemes relating the global properties of

the constituent fragments to the global properties of the resultantgng
aggregate molecule.

Sanderson’s geometric mean equalization principle for elec-
tronegativity has been used to approximate the reactivity
parameter electronegativity of an aggregate from the corre-
sponding properties of the constituent fragménésThe Sand- wherel is the ionization potential andl is the electron affinity
erson scheme was later extended to determine the molecula@nder ande, are the energies of the highest occupied molecular
hardnes$.The other related methods for calculating aggregate orbital (HOMO) and the lowest unoccupied molecular orbital
hardness from fragment values are that of the average softnes§LUMO), respectively.

| Using Koopman's theorefnand first-order finite difference
approximation of eqs 1 and 2, we have

13— A~ e ) )

method introduced by Ghosh et*land the geometric mean Sanderson’s Additivity Scheme foru and 5. Sanderson’s
principle of hardness introduced by Dattand later extended ~ €qualization principle states that the electronegativity of a
by Chattaraj et al! molecule is given by the geometric mean of the electronega-

Recently, an additivity scheme for the chemical potential and f(ivities of the constituent isola_lted atoms or fragments. Accord-
hardness has been introdudéand the novelty of that scheme ~ ingly, Sanderson’s expression for the aggregate chemical
is that it involves the fukui function of component fragments Potential is expressed as
for the estimation of the global properties of the aggregates. In n
the present work, we have obtained workable expressions for s= ([ _|)1/n (5)
the calculation of the hardness parameter from the relevant Hn ITI Hi
theoretical expression and have compared the reactivity param-
eters viz. chemical potential and hardness so obtained with thewhereﬂi is the chemical potential of thih fragment. Dif-

reference ab initio results and computed from the other additivity ferentiating Sanderson’s expression for the aggregateith

schemes currently available:* respect td\, °12we obtain an expression for chemical hardness
henceforth referred to as the Sanderson’s relation for aggregate
2. Theoretical Background hardness:
As mentioned, within the density functional theory (DFT) R

formalism, the chemical potential and the hardness for an s Ml

N-particle system with total enerdyand external potentiair) h=—)— (6)

are defined as noTa
9E where 7; is the hardness of thigh fragment. Note that the

u= (—) =—y Q) numerical factorl/, has been dropped from the original

INJo definitions.

Ghosh Additivity Scheme for 5. The combination scheme
* To whom correspondence should be addressed. E-mail: atola@puc.cl. proposed by Ghosh et #l expresses the aggregate hardness as
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the reciprocal of the aggregrate softness computed as the averageontext of the formation of a molecular aggregate from the
of the softness of the constituent fragments. Accordingly, it is constituent fragments, the Fukui function as defined in eq 14

calculated as will play the role of a weighting factor instead of a reactivity
parameter.
1 121 BecauseF; andf; are dimensionless quantities, the dimen-
_g = ;z_ () sional analysis of the right-hand side of eq 9 shows that the
"n i sum containing thefi/u; terms should be of dimension

(1/chemical potential). Therefore, we propose the chemical

Datta Additivity Scheme for . Another aggregation scheme potential for a composite system be defined as

has been introduced by Dattavhich expresses the hardness

of the aggregate molecule as the geometric mean of the 1 n [f;
respective hardness of the constituent fragments as follows: —= z — (15)
) un TV
d_ 1in
M= (n”i) (8) The corresponding hardness is obtained by differentiating eq
I

15 with respect tiN at constant external potential, which leads
New Additivity Scheme for g and 5. A new additivity to

scheme fop andz was recently proposéd,it comes out from i

the Sanderson’s expression for the chemical potential (see eq - Yt e 1

5). The chemical potential is a function bfand a functional n— N 0 = (uy) Z(‘u)z[fini = hul (16)
4 1 .

of the external potential(r), and differentiation ofu;, with i
respect taN led to eq 6, whereas differentiation with respect to

v(r) leads to R

of,
ous Sn [f q=(¢) 17
Fo = f(i)N dr ~ KZ(_) 9) N/ v(r) a7

ov N hi is a measure of the change in the fragment fukui function

because of the change in the total number of electrons. It is not
possible to obtain an explicit evaluation of this reactivity

descriptor. So, in the present work, for two component ag-
gregates, we obtain an approximation by rewriting eq 17 as

whereF; is a dimensionless quantity that contains the frag-
ment reactivities through the condensed fukui funcfiasso-
ciated with theith constituent fragment of the molecdfeThe
Fukui function is a local property that has been defined as

follows:
op(r
it = (%20) (10 -
! 17 AN
which clearly integrates to unity. For removal or addition of f,(product)— f,(reactant)
charge from or to a neutral atom or molecule to obtain another ~ !
ground state, it has been proved that N(product)— N(reactant)
£7(r) ~ [py(r) (] (11) N,/N(product)— 1
TN Pn-1 - N(product)— N,
measures the reactivity toward a electrophilic attack, in this case 1
it has been assumed that one electron was removed by the - N (18)
electrophile from our referendé¢ electron system. On the other
hand where N(product) = N; + N, so that for bicomponent
N aggregates, the expression for hardness as given by eq 16 can
£7(r) ~ [onia(r) — on(r)] (12) be approximated as
measures the reactivity toward a nucleophilic attack, here the 3/;2 (‘utZ)Z 2 1
assumption is that one electron is transferred from the nucleo- t=—] =~ —[Nag; + u] (19)
phile to the referencl electron system. Using the local density oN/u(r) N .Z wi)Z H '

approximation (LDA}* for assuming uniform removal or

addition of Charge, the Fukui function can be approximated as \We have also approximated eq 16 assunf]it[gremain constant
as a fragment aggregates so that 0; accordingly, we have

Y N w
F)~trn~fr)~= (13) t o W32 1
After integration over, say, thich fragment volume, we obtain 2= ﬁ (1) ~ N ; ﬁ [Nzl (20)
a condensed Fukui function as :
\ 3. Computational Details
fi= N (14) All calculations were performed at the RHF level of theory

with the standard 6-311G** basis set using the Gaussian 98
with ¥iN; = N as the total number of electrons in the aggregate package?® Radical fragments calculations were carried out
andN; is the number of electrons in théh fragment. In the applying the UHF theory. The electronic chemical potential and
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TABLE 1: Electronic Chemical Potential at the HF/6-311G** Level of Calculation for 46 Molecular Aggregates f°) and the
Corresponding Approximate Values Determined through the Use of Various Combinations Schemes

no. fragments aggregate u u Uy
1 CHO+ CHO CHOCHO —0.1852 —0.1324 —0.1324
2 CHO+ OCI CHOOCI —0.1891 —0.1567 —0.1613
3 CHO+ OH HCOOH —0.1554 —0.1588 —0.1495
4 CHO+ SH HCOSH —0.1391 —0.1589 —0.1581
5 CN+ CHO CNCHO —0.2223 —0.1896 —-0.1737
6 H + CHO HCHO —0.1493 —0.0999 —0.1264
7 H + HS H,S —0.1267 —-0.1120 —0.1758
8 H+ CN HCN —0.1677 —0.1431 —0.2290
9 H + OCI HOCI —0.1733 —0.1183 —-0.1757
10 HS+ OH HSOH —0.1317 —0.1907 —0.1907
11 HS+ NO HSNO —0.1571 —0.1697 0.1697
12 SN+ OH SNOH —0.1746 —0.1846 —0.1819
13 CHz + CHO CHCHO —0.1326 —0.1283 —0.1292
14 CHs; + CHS CHCHS —0.1397 —0.1362 —0.1413
15 CH; + HS CHSH —0.1125 —0.1540 —0.1610
16 CHs + CH;3 CHsCHs —0.1644 —0.1243 —0.1243
17 CH; + CN CH;CN —0.1662 —0.1837 —0.1829
18 CHs; + OH CH;OH —0.1447 —0.1539 —0.1505
19 CH,; + CH, CoHy —0.1064 —0.1657 —0.1657
20 CHs + CyHs CsHs —0.1560 —0.1124 —0.1085
21 CH, + C;Hg CsHg —0.1560 —0.1651 —0.1648
22 C,Hs + CHO GHsCHO —0.1379 —0.1160 —0.1141
23 CH,; + C,H,O C:HsCHO —0.1379 —0.1482 —0.1396
24 C,Hs + OH C,HsOH —0.1414 —0.1392 —-0.1213
25 CH, + CH;OH C:HsOH —0.1414 —0.1549 —0.1506
26 C,Hs + CHS GHsCHS —0.1367 —0.1232 —0.1245
27 CH, + CH;CHS GHsCHS —0.1367 —0.1522 —0.1442
28 C,Hs + CN CHsCN —0.1652 —0.1662 —0.1395
29 CHs + CH.CN CHsCN —0.1652 —0.1660 —0.1610
30 CsH; + CHO GH/CHO —0.1318 —0.1203 —0.1170
31 CH3CN + CoHy CsH/CN —0.1612 0.1357 —0.1342
32 CH,CN + C,Hs CsH;CN —0.1612 —0.1330 —0.1344
33 CoHs + CoHs CsH1o —0.1490 —0.1017 —0.1017
34 CoHy + CoHg C4H10 —0.1490 —0.1323 —0.1309
35 CH3CHS + CH3;CHCH, C4sHoCHS —0.1372 —-0.1174 —0.1185
36 C,HsCHS+ CoH4 C4HoCHS —0.1372 —0.1206 —0.1264
37 CoHy + CoHy CHsCH = CHCH; —0.0941 —0.1064 —0.1064
38 CH,CHz + CHCH; CH3CH = CHCH; —0.0941 —0.1278 —0.1097
39 CH, + C,H,4 CH3CHCH, —0.0986 —0.1328 —0.1208
40 CH, + C3H;,CHO GHsCHCHOCH; —0.1348 —0.1478 —0.1365
41 C,H4 + C,HsCHO GHsCHCHOCH; —0.1348 —-0.1211 —0.1255
42 CH3CHCH, + CH3CHCH; CsH12 —0.0850 —0.0986 —0.0986
43 C;H, + CH,C(CHg): CsH12 —0.0850 —0.1019 —0.1004
44 CH, + C3Hg CH(CHg)s —0.1529 —0.1608 —0.1582
45 CHs + C3H- CH(CHg)s —0.1529 —0.1166 —0.1130
46 CH,; + CH,CHCHO CHCHCHCHO —0.1399 —0.1601 —0.1569
o 0.0278 0.0283

2 All values are in au® ¢ is the root-mean-squared deviation from ab initio values.

the molecular hardness were computed using eqs 3 and 4chemical potentials and hardness parameters calculated as per
respectively. We have studied a total of 46 unique combinations the schemes discussed here from the corresponding ab initio
to yield 34 aggregates composed from pairs of 37 fragments invalues for the aggregates are also quoted in Tables 1 and 2.
all. Evidently, for the systems studied in this work, the new
The chemical potentials of the aggregates were determinedcombination scheme for the hardness introduced here as well
using Sanderson’s and our own expressions that are given inas the chemical potential yields results very much comparable
egs 5 and 15, respectively. For a comparative study of the to those obtained from other relevant schemes.
relative merits of the various estimation schemes for the hardness  The results quoted in Table 1 show that in most of the cases
parameter, calculations have b_een Qarried out using eq 6Gihe chemical potentiak!, as introduced by Guitieez-Oliva et
(Sanderson) and methods of arithmetic average of soffhess g 12 yjelds values closer to the ab initio results as compared to
(eq 7) and the geometric mean principle of hardteg 8). the estimates obtained from eq 5 as proposed by Sanderson.
These results are compared to those determined using eqs 1$he main reason for this marked improvement may be due to
and 20. the introduction off; in the calculation of aggregate property
effectively reflecting the local electronic population within that
aggregate. We note that for lighter aggregates composed by a
The estimated chemical potential and hardness values infew atoms the Sanderson’s expression for chemical potential
atomic units are compared with the corresponding ab initio «5 yields closer agreement with the ab initio results. This may
results for the aggregates denotediasnd»® given in Tables be due to the fact that for smaller constituents with fewer atoms
1 and 2, respectively. The root-mean-squared deviations ofthe local properties and charge rearrangements play a relatively

4, Results and Discussion
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TABLE 2: Molecular Hardness at the HF/6-311G** Level

of Calculation for 46 Molecular Aggregates °) and the
Corresponding Approximate Values Determined through the
Use of Various Combinations Schemés

no.  ° s 3 S B ng
1 02396 02453 02453 02453 02365 0.2453
2 02737 02563 02538 02540 02523 0.2607
3 03138 02785 02759 02781 02563 0.2683
4 02608 02249 02119 02138 02220 0.2317
5 02793 02636 02486 02487 02620 0.2741
6 02866 03736 03109 03226 02634 0.2841
7 02582 03960 02591 02813 02458 0.2776
8 03160 04689 03163 03271 03822 0.4456
9 02700 04166 03248 03341 02931 0.3152
10 02431 02509 02343 02424 02164 02311
11 02465 02276 02162 02190 02204 02311
12 02019 02474 02320 02405 02062 0.2174
13 02878 02530 02524 02525 02406 0.2515
14 02023 02270 02163 02195 02046 0.2138
15 02448 02363 02172 02202 02245 02377
16 03236 02600 02600 02600 02462 0.2600
17 03024 02774 02560 02560 0.2800 0.2979
18 03002 02883 02850 02863 02720 0.2888
19 02725 02243 02243 02243 02036 02243
20 03131 02562 02553 02553 02472 0.2553
21 03131 02742 02650 0.2694 02808 0.2934
22 02757 02505 02480 02480 02460 0.2531
23 02757 02612 02521 02541 02707 0.2790
24 02961 02868 02793 02812 02688 02774
25 02961 02654 02568 0.2595 0.2708 0.2820
26 02031 02283 02131 02155 02274 0.2339
27 02031 02132 02128 02130 0.1997 0.2065
28 0.2980 02820 02514 02514 02874 0.2962
29 02980 02633 02576 02605 02704 0.2815
30 02820 02448 02438 02438 02394 0.2452
31 02959 02575 02457 02458 02611 0.2684
32 02959 02913 02867 02871 02903 0.2976
33 03078 02508 02508 02508 02448 0.2508
34 03078 02996 02959 02970 02950 0.3025
35 02008 02411 02285 02304 02414 0.2457
36 02008 02440 02328 02353 02292 0.2340
37 02504 02725 02725 02725 02660 0.2725
38 02531 02566 02419 02426 02621 0.2682
39 02624 02600 02461 02473 02646 0.2740
40 02732 02581 02499 02515 02719 02772
41 02732 02762 02741 02741 02732 0.2787
42 02370 02624 02624 02624 02583 0.2624
43 02370 02910 02883 02888 02930 0.2988
44 03060 02701 02614 02650 02851 0.2943
45 03060 02511 02506 02510 02405 0.2469
46 02430 02361 02350 02353 02346 0.2427
o 00491 0.0338 00340 0.0344 0.0340

a All values are in au® ¢ is the root-mean-squared deviation from
ab initio values.
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Although overall numerical results obtained using eqs 15 and
16 are quite comparable to those determined through other
additivity schemes, the merit of, andy}, is basically that they
involve local quantities that act as weighting factors in the
combination of the fragments to form the molecule.

Concluding Remarks

In the present work, we have established that the proposed
chemical potential additivity scheme incorporating the fragment
condensed fukui function yields consistently better results for
the estimation of aggregate chemical potential compared to those
obtained following Sanderson’s scheme. In fact, this brings out
the vital importance of theveightof the constituent fragments
within the composite system. Also, two new related schemes
for the estimation of hardness have been introduced which are
comparable with the results from Ghosh’s scheme using the
inverse of softness average. Most importantly, the explicit albeit
approximate evaluation of the fragment hardness response
function to the change in the external potential during bifragment
aggregation has enabled the incorporation of the local fukui
function in the expression for hardness thus adding fragments’
weighing factors not considered in other schemes. The conse-
guent encouraging results open up the possibility that better
approximations of the fukui function can enhance the quality
of prediction of global aggregate properties from the constituent
fragment properties.
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