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We investigate the linear and nonlinear electric polarizabilities of smaMA{M = Li, Na, and K) clusters.
Quantum chemical calculations reveal that these compounds exhibit an exceptionally high magnitude of linear
and nonlinear optical (NLO) coefficients which are orders of magnitude higher than the conventional
m-conjugated systems of similar sizes. We attribute such phenomenal increase to noncentrosymmetricity
incorporated in the systems by the alkali atoms surrounding the ring leading to charge transfer with small
optical gap and low bond length alternation (BLA). Such a low magnitude of the BLA from a different origin
suggests the possibility that these clusters are aromatic in character, and along with the large NLO coefficients,
they appear to be better candidates for next generation NLO fabrication devices.

The development of materials with large nonlinear optical ~We begin our calculations by optimizing the ground state
(NLO) properties is a key to controlling the propagation of light geometries of the Adclusters (AlLi4, AlsNay, and ALK ). All
by optical means. In particular, the response of the materials tothe optimizations have been done using the 6-31G(d,p) basis
the application of the electric field has found tremendous set. Electron correlation has been included according to the DFT
applications in designing materials for NLO devideShese method using Becke’s three parameter hybrid formalism and
devices are being used in numerous applications, from lasersthe Lee-Yang—Parr functionals (B3LYPf available in the
to optical switches and optoelectronics. The NLO properties of GAMESS? electronic structure set of codes. Since we want to
organiczr-conjugated materials have been studied in great detailscompare the optical properties of these small four-membered
in the last few decadés The second- and third-order nonlinear rings with their organic analoguesB,4, we start with a planar
optical properties;3 and y, for the z-conjugated polymers initial geometry for the optimizations. We have varied the level
increase with the conjugation length) (roughly asL® and L5, of basis set from 6-31G(d,p) to 6-313@&d) to ensure that these
respectively® Therefore, the general strategy to model NLO geometries correspond to the minima in the potential energy
materials has been to increase the conjugation length. Howeversurface. The final geometries indeed remain independent of the
there exists an upper limit for every off-resonant susceptibifities. selection of the basis set. Contrary to that @HE having a
Alternatives to theser-conjugated compounds are yet to be rectangular ring, these ALlusters are found to have a
explored theoretically in a detailed fashion. But, with the gaining rhomboidal structure with four Al atoms forming a rhombus
popularity of various ab initio level metho8shere has been a  and the four alkali atoms around the four-AAl bonds forming
tremendous impetus in investigating the structure and electronicfour Al-M (Li, Na, K)—Al triangles. One of the diagonals of
properties of both homogeneous and heterogeneous smalthe Aly ring is also connected by an ARl bond. The
clusters in recent years$ Small Al, rings such as AM4 and equilibrium geometries are shown in Figurel{d), 1(b), and
their anions AlM3;~, M = alkali metals, have been a subject of  1(c)].
current interest'® because of their unique characteristics and ~ While AlsLis and ALK4 have a planar structur®gy), Als-
close structural resemblance tgHG. However, although gH, Nas has a distorted structure, with the four Na atoms arranged
is an antiaromatic species, theses-8lusters are recently  in a nonplanar geometry around the planar ring (the Na atoms
reported to bey aromatict! Thus, it would be interesting to  are distorted by 13from the plane of A ring). This can be
ask whether these rings are better polarized than their organicunderstood by considering the increase in size of the alkali ions
counterpart, whether the structural characteristics have any roleand the distances of the ions from thes#ihg. With the
in their polarization response functions. Organiconjugated progressive increase in the ionic radii of counterion, Li to K
systems are stabilized due #eelectron delocalizations, while  (Li = 0.68 A, Na= 0.97 A, and K= 1.33 A), the structures
the inorganic metal complexes reduce their energy through are expected to be distorted, and the four alkali atoms should
strong charge transfer. There have been no previous efforts toarrange in a noncentrosymmetric geometry around theid
study in detail the NLO properties of these all-metal clusters. to minimize steric repulsion. However, the average-M
We describe in the following that these metal clusters offer a distance increases while going froms_i, (2.65 A) to ALNay
unique polarization response due to their ionic character, (3.00 A) to ALK, (3.35 A). Although the ionic radius of K ion
contrary to conventionat-conjugated systems, leading to large is more than that of Li and Na, in A4, the four K ions are
optical coefficients. far separated from the Ating, allowing a planar structure. For

Al4Nay, both the ionic radius of Na and the average-M
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jncasr.ac.in. minimize the steric repulsion through distortion. Also, very close
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Li TABLE 1: Bond Length Alternation, Ar (in A), Optical Gap
(in au), and Average Mulliken Charge (Aq) on the Ring for
the Clusters from ZINDO Calculations

molecule Ar gap Aq
Al,Lis 1(a) 0.1283 0.0819 —0.592
Al,Lis2(a) 0.1276 0.024 —0.506
Al,Na, 1(b) 0.1302 0.0909 —0.174
AluNay 2(b) 0.1103 0.0607 —-0.127
E=-999.8531 au i AlK41(c) 0.0656 0.0663 —-0.634
AlK,4 2(c) 0.0649 0.0867 —0.618
C4Ha 0.245 0.2410 —0.030
CeHs 0.000 0.2588 —0.009

provide excitation energies and dipole matrix elements in good
agreement with experimett1’ As reference determinants, we
have chosen those determinants which are dominant in the
description of the ground state and the lowest one-photon excited
statest® We report the MRDCI results with 4 reference
K determinants including the Hartre€ock (HF) ground state.
Figure 1. Equilibrium ground state geometries forsls, Al4Nay, and For each reference determinant, we use 5 occupied and 5
Al4K4. The footnote of each structure contains the ground state e”ergiesunoccupied molecular orbitals to construct a Cl space with
in au. configuration dimension 866900. To calculate NLO properties,
we use the correction vector method, which implicitly assumes
all the excitations to be approximated by a correction ve&or.
Given the Hamiltonian matrix, the ground state wave function,
and the dipole matrix, all in CI basis, it is straightforward to
compute the dynamic nonlinear optic coefficients using either
the first-order or the second-order correction vectors. Details
of this method have been published in a number of pagjefs.
Table 1 shows the bond-length alternation (BLAY;,, the
optical gap, and the average Mulliken charge on therilg
for all the geometries. The\r is defined as the average
difference between the bond lengths of two consecutive bonds
in the Als-ring, and the optical gap is calculated as the energy
difference between the geometry relaxed ground state and the
lowest optically allowed state with substantial oscillator strength.
This corresponds to the vertical absorption gap. To directly
compare the efficiency of these Atlusters with the conven-
tionalr conjugated systems, we calculate the optical properties
of the 1,3-cyclobutadiene (84) and benzene () at the same
Figure 2. Equilibrium ground state geometries for the other set of level of theory. For the Atclusters, th(_ere is a substantial amount
AlyLis, AlsNay, and ALK, very close in energy to those in Figure 1. of chqrge transfer fro”? the alkali atoms to the Al atoms
The footnote of each structure contains the ground state energies(N€gative charge), making them act as donor and acceptor,
in au. respectively. Such a charge transfer induces polarization in the
ground state structure and reduces the optical gap. On the other
in energy to these planar rhomboidal structures for thege Al hand, with the G-H bond being perfectly covalent, there is
clusters are the capped octahedron structures for theAPR(a)] almost no charge transfer in the cases gfiand GHg, and
and ALNay [2(b)] (with Co, symmetry) and a distorted tricycle-  thus, they have a large optical gap due to finite size molecular
like structure for AlK4 [2(c)]. These geometries are shown in  architecture.
Figure 2. At the footnote of each structure, the corresponding Charge transfer stabilizes the system with very small changes
ground state energies are given. It has, however, not escapedn the bond lengths. The chemical hardnegs,defined as
our attention that previous work on alkali derivatives ofrAl  /,(ionization potential— electron affinity), decreases as one
clusters has predicted more than one unique structure for thesemoves from Li to K. More specifically, thg values for Li, Na,
systems# This calls for a study to elucidate whether the optical and K are 2.39, 2.30, and 1.92 eV, respectivélg$o, the extent
properties for these Aclusters for different geometries are of charge transfer from the alkali atom to thesAing should
substantially different or are very similar. Hence, both the increase with the decrease in the chemical hardness of the alkali
geometries for each cluster were considered for computing theatoms which is evident from Table 1. From,Ri, to AlsNay
optical response functions. to Al4K4, the Mulliken charge on the Adring increases leading
These geometries were used to compute the SCF MO energieso a decrease in the BLA along the series with the exception of
and then the spectroscopic properties using the Zerner's INDO Al4Na4 [1(b) and2(b)] which has much lower Mulliken charge
method!® We have varied the levels of ClI calculations, with on the Al-ring. For the AlNa, [1(b)] as mentioned above, there
singles (SCI) and multireference doubles(MRDCI) CI , to obtain is a substantial distortion of the Na atoms from thq-#uhg.
a reliable estimate of the second-order optical response. TheFor the AkNay, with Cy, symmetry P(b)] even though there is
latter method is particularly important since it includes sub- no distortion, the large AtNa distance reduces the ionicity of
stantial correlation effects. The MRDCI approach adopted here the bond. As a result, the extent of charge transfer is less for
has been extensively used in earlier works and was found to Al sNay.

A

E =-3369.3795 au

E = -3369.3809 au
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TABLE 2: Ground State Dipole Moment, ug, Linear metric structures discussed above). Fogka| although the
EC"a“Zé‘?'"Fyx t?l"tFlrSt "('%/_Pergl(ﬂaﬂzab"ﬂy, )ﬁf, aft]ﬁ' S&COTd rhomboidal geometry has a very low ground state dipole
yperpolarizability, v, (Tumbling Average) for the Clusters i : i i
and the for trans-Polyacetylene Chain from ZINDO-MRDCI moment, the distorted tricycle-like structure has a very high
Calculations® dipole moment. Thus, due to the out-of-plane charge transfer,

the dipole matrix elements are also larger, resulting in a

molecule He ¢ p Y particularly large value fop. For AlsLis and AkNay [2(b)],
Alglis1(a) 0.000 4.9x 10° 5425 1.91x 107 the polarization is in the excited state as the ground state dipole
ﬁ:ik:;zl(?g) 8:8(7)2 ggi ig: 532'59_2 i?(;gi ig moment is zero. However, it is not t'he case for.the insulating
AlNa, 2(b) 86x 104 8.7x 10° 1098.5 2 00 10° CsHsand GHs whlc_h have zero p(_)l_arlzanon both in the ground
AlK4 1(c) 0.004 5.4x 108 79.3 2.60x 107 and the optical excited states. Thdss zero for GH4 and GHe.
AlaK42(c) 5.720 4.7x 100 1.2x10° 1.90x 10f The optically active states are the low-energy states of these
gz:;‘ 8'888 é'ii 1822 8'888 g'zgi ig metallic clusters, and the lowest optical gap is about 0.07 au
(CH=CH),,n=1 0.000 136.3 0.000 278 10¢ for Als-clusters compared to 0.25 au for thgHz and GHe.
(CH=CH),, n=2 0.000 421.0 0.000 4.1%5 10¢ Since the optical coefficients are inversely proportional to the
(CH=CH),,n=3 0.000 852.4 0.000 6.17 10° optical gaps and proportional to the dipolar matrices, a large
(CH=CH),,n=4 0.000 14552 0.000 28210 optical gap implies low magnitudes for the optical coefficients.
%gﬂ:g:g: 2 zg 8:888 %(2)935 8:888 gg ig; C4H4 has the highest magnitude of BLA and optical gap and

the least charge transfer on the ring structure, and therefore the
@The units are in awn is the number of~-CH=CH— units. smallest magnitude gf. On the other hand, although BLA is

) o zero for GHg due to completer-electron delocalization, there
Benzene is aromatic withr = 0. Although BLA cannotbe s g charge transfer in the finite molecular structure leading to

regarded as the sole measuring index of aromatic character, thf?arge optical gap and weak polarization. Consequentlys
small BLA found for the A}-clusters (together with large BLA  13,ch smaller also for ¢He.

for the antiaromatic ¢H,) tends to suggest that the Adlusters

are more like aromatic but most certainly not antiaromatic
species, as has been proposed recéfithe distorted AlK4
structure P(c)] is very interesting. The Atring is distorted from
planarity by 9.8. Such a distortion arises to minimize the steric
repulsion in accommodating four bulky K atoms on a plane,
very similar to that of cyclooctatetraene, which undergoes a
distortion from planar to tub-shaped geometry to minimize the
ring-strain?* Thus, this structure of AK, is neither aromatic
nor antiaromatic but can be considered to be nonaromatic jus
like cyclooctatetraene. This is supported_by the energies fo_r theAI M bonds. For GHa (Ar = 0.245 A), GHg (Ar = 0.00 A),
structures for AJ[K4 [1(c) and2(c)]. The distorted structure is and the linear chain{CH=CH—),, n = 3 (Ar = 0.1 A), the
more stable than the planar structure. Thus, the steric repulsion_ values are 2.21 2 63. and 195,85 (all in au) .er C,H bond
for the four large K atoms overwhelms the stability of the planar 7 ; T T o au) per - ’
undistorted aromatic AK4 making the AlK,4 cluster nonaro- respectlvgly. This is n agreement W'th previous fmdlngs that
matic. the magnitude of varies nonlinearly withAr and its maxima

i i i = 027 _
In Table 2, the magnitudes of the ground state dipole moment, occurs at an optimakr = 0.°" However, for the Al cluster_s_,
. . R because of strong charge transfer, #healues are less sensitive
uc, and the lineard) and nonlinearf andy) polarizabilities t0 variation inAr, and even fonr = 0.0 A (perfect square Al
for the clusters are reported from the ZINDO calculations. Note ’ ’ P 4

. . o ring) andAr = 0.245 A (rectangular Alring like C4Hy) thep
glnadt%/v%;?iﬁzg g‘; magnitudes for the tumbling averaged, values are similarly high, as found for the optimized structures.

Such charge transfer induced large NLO coefficients have also
been observed for bulk materials such as CgOf (CLBO).2°

Z(a“) The maximum possible value for the off-resonap¢al 4M4)
[ calculated using the Kuzyk’s simple two-state médelabout
2825 times more than that for(C4sH,4). This is in very good

_ y 1 agreement with our MRDCI calculations at a low frequency
B=4\ 2B B= 3 > By + By + By) (0.001 au), which predict(AlsM4)/y(CsHa) ~ 10°
' ! To compare and contrast these clusters with their organic
1 counterparts, we calculate the NLO properties of the well-known
y=— Z(zyim + Viiii) (1) sm-conjugated systems, theans-polyacetylene chain,CH=
154 CH—)n, by varying the number of spacers,fromn =1 to 6,
and thereby extending the length of conjugation from 2.65 to

In contrast, the optical coefficients in general are quite large
for the Als-clusters. For example, thg values for the AJ-
clusters are roughly *@imes more than that for £, and GHe.

This is because thg is a third-order property with 4 dipolar
matrices in the numerator and 3 optical gaps in the denomina-
tor.26 The y for the Als-clusters increases with an increase in
the polarization of the AtM bonds and follows the following
trend: y of AlLis < y of Al4sNay < y of Al4K4 (same trend as
tn). However, the distorted structures for,Nb, and ALK 4 [1(b)
and2(c)] have smallefy values due to less polarization of the

o=

[S N ]

where the sums are over the coordinateg, z (i, ] = X, Y, 2 29.11 au. The geometries were optimized by the same method
and 5 refers to the conjugate of th& vector. The ground as mentioned above. The linear and nonlinear polarizations are
state dipole momentig andp are zero for the gH, and GHeg calculated at the same frequency (0.001 au). Our calculated
due to its perfect centrosymmetric geometry, althodigindy values for the optical properties compare fairly well with trends

have finite values. For the Allusters with the progressive  with the experimental results that the lineaj) @nd nonlinear
increase in the ionic radii of counterion, the ground state dipole (y) optical properties increase steadily with the increase in the
moment increases. Thus, whilejAl, has no ground state dipole  conjugation length of the chain (see Table 2). For example, for
moment, AlNay and ALK, have substantial ground state dipole  ethylene yex:= 1504.9 au, for butadien@ & 2), yexpr= 4566.4
moments (particularliL(b) and2(c) due to their noncentrosym-  au, and for hexatriena(= 3), yexpt = 14950.1 aif® Note that



9530 J. Phys. Chem. A, Vol. 108, No. 44, 2004 Datta and Pati

our calculations are done at a lower frequency compared to the  (3) Marks, T. J.; Ratner, M. AAngew. Chem,, Int. Ed. Engl995
: . 34, 155.

laser frequency used in the experiment (0.066 au). However, = % i o . \oe T 3. Ratner, M. AL, Phys. Chem1992 96,
the magnitudes of all the polarization quantities are much higher 4355 " () Ramasesha, S.; Soos, Z.Ghem. Phys. Lett1988 158 171.
for the charge transfer complex (M, clusters) compared to (5) Kuzyk, M. G.Phys. Re. Lett 200Q 85, 1218. _
the conventionat conjugated chains with comparable conjuga- < (6t) HeTI%akerh Th d\?[gefés%ny P-;N0|Sip, 'Eoé%%%ar Electronic-
: ructure eoryJonn liey ons: ew YOrK, .
tion length. Only when there are very large numbers of spacers (7) Rao, B. K.; Jena, Fl. Chem. Phys200Q 113, 1508.
(n = 5—6), do the magnitudes become comparable to those of  (8) (a) wu, K.; Chen, X.; Sniiders, J. G.; Sa, R.; Lin, C.; Zhuang, B.
the much smaller Atclusters. For example[(—CH=CH—)g] JC.hCryst. ggo;n%zoo%ggg, 663. (b) Maroulis, G.; Pouchan, G. Phys.
~ — CH=CH— i i ; i em. B 107, 1 .
~ y(AlsMa). (—CH=CH—)s has 12 atoms in conjugation while (9) Shetty, S.: Kanhare, D. G.; Pal, . Phys. Chem. 2004 108
AlsM4 has only 4. So, as a rule of thumb, one can statejthat gpg
for the Al-atoms in the charge transfer ring scales three times  (10) Kuznetsov, A.; Birch, K.; Boldyrev, A. I.; Li, X.; Zhai, H.; Wang,

—CONi i i L. Science2003 300, 622.
that for z-conjugated organic materials.

. . (11) Chen, Z.; Corminboeuf, C.; Heine, T.; Bohmann, J.; Schleyer, P.
As discussed, the large NLO properties foMl are due to V. R.J. Am. Chem. So@003 125 13930.

the charge transfer from the alkali metals to the Ahg. It (12) (a) Becke, A. DJ. Chem. Phys1993 98, 1372. (b) Lee, C.; Yang,
will thus be of interest to compare these heteroatomic all-metal W.; Parr, R. GPhys. Re. B 1988 37, 785.

clusters with alkylated organic compounds such as lithiated 195133)1482221;&, M. W.; Baldridge, K. K.; Boatz, J. A. Comput. Chem.
benzene or organolithium and organosodium derivatives such™ (14) chacko, S.; Deshpande, M.; Kanhare, D.RBys. Re. B 2001,

as GHslLi> and GHeNa. These alkylated organic compounds 64, 1554009.

also exhibit larger NLO coefficients. For exampg(CeLig)/ A (le?)ZeRrig'eeryv ’d CzeT'r?ggr MdﬁrTnheK& 53'7”& ?30%1973 32, 111. Bacon,
— 30 Qimi : _ .D,; , M. C. . . 21,
¥(CeHe) = 7.3 x 107.3° Similarly, y(CgHeli2)/y(CeHe) = 5.5 (16) Buenker, R. J.; Peyerimhoff, S. Dheor. Chim. Actal974 35,

andy(CgHgNap)/y(CgHg) = 2031 However, the NLO responses 33,

for the AlsM4 are much higher than the values for these alkylated 11§127) Shuai, Z.; Beljonne, D.; Bredas, J. L. Chem. Phys1992 97,
organic compounds co_mpared to pure organic materials. Also, (1é) Beljonne, D.; Shuai, Z.; Cornil, J.; dos Santos, D.; Bredas, J. L.
there have been previous efforts to calculate the NLO coef- chem. phys1999 111, 2829.

ficients in inorganic clusters such as GaN, GaP, and GaAs. (19) Ramasesha, S.; Soos, Z.@em. Phys. Letl.988 153 171. Soos,

These systems have higher gaps than thAktlusters so the ~ Z- G.; Ramasesha, S. Chem. Phys1989 90, 1067.
y 9 9ap hétA (20) Ramasesha, S.; Shuai, Z.; Bredas, JChem. Phys. Lett1995

NLO coefficients are smaller. 245, 224. Albert, |. D. L; Ramasesha, $. Phys. Chem199Q 94, 6540.
To conclude, our theoretical study shows that the small four- Ramasesha, S.; Albert, I. D. Phys. Re. B 1990 42, 8587.
membered Afclusters functionalized with various metal cations A (gl)_ (:é) %’ijttal,:r/:\.; Pgtg, S. %O%zelnaé PQ%ASZ(EO)S 181? 8420. éb)gatta}l,
: H : H H : ., Patl, S. K.J. yS. em. . (C). beljonne, D.; Cornil,
p_rowde an innovative route for_selectlon of materials with very 3 Friend, R, H.. Janssen. R. A. J. Bredas, 1.LAm. Chem. Sod996
high nonlinear optical properties. Some of these compounds11g 6453,
have already been well characterized from stable aft®ysit (22) (a) Pati, S. K.; Ramasesha, S.; Shuai, Z.; Bredas, Bhys. Re.
the laser evaporation technique is not the route to stabilize theseghleg’rg9 850%2%‘})%21-2?§b)7-2';$‘t" S. K. Marks, T. J.; Ratner, M. &. Am.
materials for the NLO experiments. One way to stabilize these ™ 53) ‘pearson, R. @norg. Chem.1988 27, 734.
clusters is to form a sandwich-type geometry by incorporating  (24) March, JAdvanced Organic Chemistry: Reactions, Mechanisms
a suitable transition metal iofi.Effective polarization through ~ and Structure4th ed.; John Wiley and Sons: New York, 1992.
solvents can also stabilize such charge transfer complexes. We, (25 Ramasesha, S.; Shuai, Z.; Bredas, JChem. Phys. Let199§

believe that our study will motivate further experiments on these ~ (26) (a) Armstrong, J. A.; Bloembergen, N.; Ducuing, J.; Pershan, P. S.

small Als-clusters. Phys. Re. 1962 127, 1918. (b) Ward, JRev. Mod. Phys1965 37, 1. (c)
Pati, S. K.; Marks, T. J.; Ratner, M. A. Am. Chem. So2001, 123 7287.
_ (27) Marder, S. R.; Perry, J. W.; Bourhill, G.; Gorman, C. B.; Tiemann,
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