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Electronic polarization in pentacene crystals and thin films
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Electronic polarization is evaluated in pentacene crystals and in thin films on a metallic substrate using a
self-consistent method for computing charge redistribution in nonoverlapping molecules. The optical dielectric
constant and its principal axes are reported for a neutral crystal. The polarization efergéesl P_ of a
cation and anion at infinite separation are found for both molecules in the crystal’s unit cell in the bulk, at the
surface, and at the organic-metal interface of a fillNaholecular layers. We find that a single pentacene layer
with herring-bone packing provides a screening environment approaching the bulk. The polarization contribu-
tion to the transport gap=P . +P_, which is 2.01 eV in the bulk, decreases and increases by-ei%
at surfaces and interfaces, respectively. We also compute the polarization energy of charge-transfer states with
fixed separation between anion and cation, and compare to electroabsorption data and to submolecular calcu-
lations. Electronic polarization of-1 eV per charge has a major role for transport in organic molecular
systems with limited overlap.
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[. INTRODUCTION assuming idealized films with structure identical to the bulk.
Crystalline thin films exhibit multiple phases that, except in
Prospective molecular electronic devices are based on omonolayers, are close to the bulk.

ganic films deposited on metal or semiconductor surfaceés. ~ The long axis of pentacene arsexithiophene is almost
Due to limited mobility, organic devices are typically re- hormal to the surface. Image charges across the interface in
stricted to thin(10—100 nm films. Variations in electronic Fig. 1 then act in the direction of greatest polarizability,
polarization energies of charge carriers near surfaces and iMthich results in contrasting electronic polarization in penta-
terfaces affect the transport stdtesd hence device func- Ccene and PTCDA films. Electric fields normal to the surface
tion. We have recently addressed electronic polarization afduce large dipoles in pentacenes, but these induced dipoles
surfaces and in thin filnfasing a self-consistent approach in are parallel and hence repulsive. There is competition be-
the limit of vanishing intermolecular overldpwhen each tween charge redistribution due to image charges and in-
molecule experiences the nonuniform electrostatic potentigiuced dipoles. Our self-consistent calculations of charge re-
of all other molecules. For the prototypical hole conduétor, distribution indicate that even a single molecular layer
perylenetetracarboxylic dianhydridéPTCDA), the calcu- provides a screening environment that reduces repulsion be-
lated transport gap varies by 500 meV between monolayer&veen induced dipoles. The improved iterative procedures of
and thick films, in agreement with photoelectron and tunnel-Sec. Il are necessitated by the competition between image
ing electron spectroscopyPTCDA showed that electronic charges and induced dipoles.
polarization is accessible to self-consistent computation in The paper is organized as follows. In Sec. Il we consider
crystalline thin films.

In contrast to PTCDA, whose molecules form one-
dimensional stacks and lie almost flat on metallic substrates
many organic molecular crystals of interest have a herring-
bone packing, with molecules oriented across molecular lay-
ers as sketched in Fig. 1. Both thiophehasd acenéshave

herring-bone packing and are suitable for thin film transis-

tors. The molecules in crystalline thin films are almost up-
right and charge transport is preferentially parallel to the sur-
face.

In this paper, we analyze electronic polarization in penta-
cene, considering it as a representative of a wider class o

organic materials with electronic applications. We calculate

electronic polarization in the bulk to obtain the optical di-n/

electric constant, the transport gap for generating a /
electron-hole pair at infinite separation, and the electrostatic

binding between molecular ions at fixed separation in the

lattice. We then consider the experimental situation in Fig. 1
of thin films on a metallic substrate to compute electronic FIG. 1. Schematic molecular packing in a pentacene layer on
polarization at the surface and at the organic-metal interfacemetal. Image charges below the metal surface are also sketched.
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the system of linear equations for electronic polarization andchralinger’s equation for a single molecule in nonuniform
introduce alternative methods based on a minimum principlexternal field. The stiffness matrix is block diagonal, with
when the efficient iteration scheme of Ref. 6 fails. Section lllseparate blocks corresponding to individual molecules or
contains results for bulk crystals, including the optical di-ions.
electric constants, polarization energies of cations and an- The second term describes intermolecular interactions.
ions, and the binding energies of ion pairs. In Sec. IV weThe interaction matrixV contains charge-charge, charge-
consider pentacene films of one to ten molecular layers andipole, and dipole-dipole interactions, and can also be made
report polarization energies at the surface and at the metasymmetric. The matrix/ is indefinite, reflecting that Cou-
organic interface. The self-consistent pentacene potential &mb systems are always unstable. In contrast to the stiffness
the surface illustrates the competition between image chargesatrix, the diagonal blocks of are zero, since no molecule
and induced dipoles. Section V contains discussion and corinteracts with itself.
clusions. Expression(1) shows a potential for instability, since it
may have no minimum wheX is sufficiently large. In the
organic molecular crystals that we considét,is small
enough and only results in a shift of the minimumEfq)

The zero-overlap approximation reduces electronic polarfrom q=0.
ization to charge redistribution on molecules in the electro- Differentiating Eq.(1) with respect tog we find a set of
static potential of the solid. The crystal structure fixes alllinear equations o
distances. We neglect lattice relaxation whose polarization is
estimated to be an order of magnitude smaller in organic Gag+Vag=—Vp®, 2

molecular crystal$® The crystal potential at atoms is readily subject to the constraint thgtbelongs toQ. While this form

introduced as site energies in semiempirical theory, whmtbf polarization equations is simple conceptually, another

then. provides a practical apprpach to .computing senc’form is often more practical. By introducing a setg#ner-
consistent atomic charges and induced dipbl&ge have alized potentials p- — Gq we recast Eq(1) in a dual form:
eight linear equations per atom and need larg€) tlusters

II. SOLUTION OF LINEAR EQUATIONS

of molecules for long-range Coulomb interactions. The large p=V(p®+q), (33
number of equations precludes the use of algorithms based
on transformations of dense matrices. For example, a cluster q=—1IIp, (3b)

of 2000 PTCDA molecules, as in Ref. 6, leads to 608 000 . .
linear equations for 38 partial atomic charges and3g  Wherell=G™". These are formally written Eqég) and(15)
components of induced atomic dipoles for each atom of eacAf Ref. 6. The physical meaning of E() is simple. Instead
molecule, and the same number of potentials and potentié&f.a one-step minimization dE(q) as in Eq_(2)., we opti-
gradients. mize the charge distribution (_)f each molecule individually in
We review briefly some approaches for solving linearthe self-consistent external fiefrlof all oth_er molec_ules.
equations that appear in polarization problems. We first re- The components of the vectgr contain potentials and
cast these equations in a formal but transparent formgLet Potential gradientsand possibly higher derivativgsthat
be the vector describing charge redistribution in a cluster ofOUPle to atomic partial charges, atomic induced dipoles, and
interest. Its components may include partial atomic charge8igher atomic multipoles. The symmetric positive-definite
for each atom of each molecule, as well as induced atomigolarization matrixII has the same block-diagonal structure
dipoles. Higher atomic multipoles can be includedgjras as G and describes the pqlarizat_ion response of individual
well. Let p(© be the “unrelaxed” charge distribution, that is molecqles to the gxternal flgld, given by the compqnents of
the charge distribution in the individual molecules in the gag®- The inverse ofs is well defined in the subspace of interest
phase, the actual charge distribution thus bgiff§+q.
For zero overlap, charge conservation for individual mol-

ecules leads to simple constraints on the componentg of A. lterative solution of polarization equations

meaning thaq(ok))elongs to a certaln.subspaQeof |_nterest. The dual form of Eqs(3) suggests a natural iterative ap-
We note thap™’ does not necessarily belong @since the  5r5ach. We start with the bare charge distributjg® and
source charges on ions do not sum to zero. find “bare” potentialsp(®=Vp(®. We then repeat updating

The polarlzza_thn_pro_blem is defined in terms of the_ “statecharge distribution using Eq3b) and recalculating using
vector” g as minimization of the total energs(q), which Eq. (3a) until convergence.
can be formally written as When convergent, this procedure is usually fast. However,
it is often unstable, leading to oscillatory behavior. A simple
numerical trick has been proven very powerful in suppress-
ing such oscillations. We introduce a damping facter fO
<1 and iterate, starting witg®’=0:
We use bra- and ket- notation to denote matrix vector prod-

1 1
E=5(aGa+ 5(PO+aVpO+a). @

ucts. The first term is the energy of noninteracting molecules. p(M=V(p@+qgMm), (4a)
A symmetric positive-definitstiffness matrix Gensures that
g=0 in the absence of interactions. It results from solving qM*V=fqM—(1—f)IIp(™. (4b)
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We increasef adaptively when oscillations iE(q(™) are TABLE I. Molecular polarizability of pentacene along principal
detected and decrease it when convergence is stable. All rexes (=long, M =medium,N=normal).
sults in Refs. 6, 5, and 9 were obtained using this iteration

procedure, which appears to be both remarkably stable arfjolecule any (A%) aym (A% ay (A%
! . ; . e

fast. For gxarr]nple, it took just]TZS |Lerat||ons tofazcgé%ve 1|0 B3LYP/6-3114++G**
accuracy in the components gfor the cluster o mol-  Neutral (1) 17.77 37.66 91.43
ecules of PTCDA, mentioned above.

. . Neutral (2) 18.02 38.02 99.48

Iterations(4) usually perform quite well. However, they .
. . Anion (1) 19.87 40.16 135.47

are not guaranteed to converge and sometimes fail. For e;xn_ n ) 20.20 40.81 13188
ample, we found intermittent convergence problems for 0 1 16-31 35'91 130.87
pentacene cation in a layer on a metal substrate. Imaggaio" () : : :
charges in the metal induce strong charge redistributiofr@ion(? 16.54 36.54 124.14
along the pentacene axis with largest polarizability. On the c
other hand, the surrounding molecules in the layer have th& > Ed- (12)
opposite effect of drawing charge into the inside of the layerNeutral (1) 0.06 39.26 87.41
closer to the center of the ion. As follows from the self- Neutral(2) 0.05 39.61 95.83
consistent solution, the second effect outperforms the firsAnion (1) 0.06 35.26 194.35
This clearly leads to difficulties because the initial iterationsAnion (2) 0.05 39.98 231.24
tend to drive the system away from the convergence poiniCation (1) 0.06 36.03 368.28
indicating also that a perturbative solution may be countercation(2) 0.05 40.55 282.52

intuitive in this case.

Computational difficulties of this kind are rare. We now 5
describe an alternative approach to solving polarizatiormize E(q) we find that they obey a linear systemA,.C,
equations, which is formally stable and is guaranteed to con=p, whereA,,,=(q™Ag™) andb,,=(q™b).
verge, while it may not be as efficient as EG8). The algebraic properties of Lanczos recursi@n yield
readily all the components ok andb. The matrixA is
symmetric tridiagonal with the diagonal elemefts = am

Let us return to the original Eq2). We can treat it as @ and subdiagonal elemens, _1= . Due to the special
general linear system, choice ofq")=b, all b,,=0, exceptb,=1 andb,=a;.

Ad=b ) The method described above is variationally stable, since
a=b it is based on a minimum principle. Its drawback, however, is
with a symmetric matrixA=G+V on the left-hand side. that it is generally slower than iteratiori4). The reason is

Solution of such a linear system is equivalent to minimizingthat Egs.(4) follow from the dual form of Eqs(3), which is
the energy functional, based in turn on a physical insight of solving each molecule

separately in the external field of other molecules. The sub-
space approach is not based on such an insight. In practice, it

B. Subspace methods for polarization problems

1
E(q)= E(qu) —(bq), (6) takes 200-300 iterations, rather than 25-35, to achieve con-
vergence with this approach. Thus we use the subspace ap-
whose minimum exists whef is positive definite. proach only when iterations fail.
We present a variationally stable subspace approach to
solving Eq.(5) based on the minimum principl®). By re- C. Subspace method for not positive-definite cases

scaling the solution we can assume the right-hand side to be
normalized, bb)=1. We shall be searching for the solution
g in the Krylov subspacé& of the matrixA, generated by the
vectorb: K=spanp,Ab,A%b, ... A™ 1b). At every stepm
we add a new vector to the subsp@cand construct the best
vectorg which minimizes Eq(6) within /. This guarantees
that each stepn yields a better solution, and thus the proce-
dure converges.

We use the Hermitian Lanczos recursiot to build an
orthonormal basis iC: qV=b,

The subspace method of the above section being applied
to Eqg. (2) deals with the stiffness matri. It is preferable
numerically to work withll, rather than with its inverse. The
reason is that whenever there is a small polarizability, e.g., in
the direction normal to the plane of a-conjugated mol-
ecule, it translates into a small eigenvaluelbfand, corre-
spondingly, into a large eigenvalue & Numerically, it is
much easier to handle near-zero than near-infinity.

In a more drastic situatiorc may have negative eigen-
values, yet the polarization self-consistent equati@son-
tinue to make sense. For example, we have introduced

(M+D— g=1 (AqM_ 4 gM—_ g g(M-1 7 °.
q P 1f(AGT = am@™ ~ B Y atomic polarizabilitiese: as the differencer— o between

Wheream andﬁm are chosen at each stapto orthogonanze the best available molecular and o based on Semiempir-
q™*1) with respect to botlg™ and g™ %), ensuring that ical atomic charges. Usually® underestimatea by ~10%.

(q™|gqM)=4,,, for every m and n. Expressing q But the charge-induced polarizability occasionally excejads
=3 mcmd™ and solving for the coefficients,, that mini-  in some directiongsee, e.g., Table)| and the correction
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has one or more negative eigenvalues. The self-consistertjual zero-point contributions for the neutral molecule and
polarization equation$3) then give a saddle point of the ions.\, compares well with the value of 59 meV derived

energy functional, which formally has no minimum. from experiment?

In order to use the subspace method to deal Withather The vertical ionization potential is found to bé
than G, we rewrite Eqs(3) in a matrix form in such a way =6.229 eV, which is significantly below the recently re-
that the matrix on the left-hand side is symmetric: ported experimental value of 6.589 &/Other values of

6.64 eV (Ref. 14 and 6.74 eV(Ref. 15 were reported pre-
-V 1\(q p(® viously. The calculated value dfmust be corrected by the
1 1)lp | o/ ®) difference in zero-point energies before the direct compari-

son can be made, but zero-point differences are probably less

This is again a linear system of tygg), but of twice the than 360 meV.
size. The matrix is, however, not positive definite, and so the The experimental value for the electronic affinity is
above method based on the minimization of Eg).cannot known with an error bar. Our calculated B3LYP valde
be applied. =1.475 eV is 105 meV above the recommended average

We present a modified subspace approach that is applit.37 eV (Ref. 16 of experimental data. Thus B3LYP values
cable to linear systems of ty®) with symmetric matrixXA  lead to the gas-phase pentacene charge dapA
that is not necessarily positive definite. Instead of searching=4.754 eV (without zero-point correctionvs 5.22 eV de-
for the minimum of Eq(6) we minimize the residual norm, rived from experiment.

1 o .
Z(q)= E(Aq_ b|Ag—b), (9) B. Polarization energies

Following the procedure in Ref. 6 we first calculate atom-
which is also equal to half the norm of the gradient, atom polarizapilitiegljij for individual pentacene mo_lecules
JE(q)/dq=Ag—b. Again, expressing the solution ay  USINg the se_3m|emp|r|cal INDO/S HamiltonidhExperimen-
=3 ¢,,q™, but solving now forc,,, that minimizeZ(q) we tal ge_zometnes from the crystal structure dﬁtwere_ used.
find another linear systemy 7. c.=W.., where 2 Positions of hydrogen -atoms, not knqwn experimentally,
- n=mn=n ms mn were AM1-optimized usingsAUSSIAN 98 with the heavy at-

=(q™A2q™) andwy,=(q™Ab). _ oms fixed.

After some algebra, we find that the matéxis symmet- Due to the inequivalence in crystal field for the two mol-
ric five-diagonal with the following nonzero elemeng;,,,  €cules in the unit cell, their geometries are slightly different.
:afnJrB%JrB%_l, Zonm-1=(@m+ am-1)Bm_1,  and There are two atom-atom polarizability tensaig with i,j

~ i f
Zmnm-2=Bm-1Bm-2, While the right-hand side has all com- ranging over 36 atoms of a pentacene,

ponents zero except; = ; andw,= 3;. The above expres- - pi 9°E
sions for the elements @,,, can be found by consequently L aTbj T dpidp;’

multiplying Eq. (7) by itself with m replaced withm—1, _ .
_2py t g Wq ( )t' y by i i thpit—ﬂz tf E is the INDO/S ground-state energy;= ¢(r;) is the crys-
M=z, elc. Vve nolice by inspection that=A~, except 1ot a1 potential at atoni, and p; are Lovdin atomic charges.

the last row and column. TR ) .
. . Charge redistribution is then described explicitly as
Throughout this section we have assumed that all vectors 9 plciy

are projected onto the subspa@eo preserve charge conser-

(10

vation relations. We did not discuss preconditioning tech- pi=p =2 T4y, (113
nigues, such as rescaling the variables, which may improve !
convergence. ~

M= aiF; (11b)

[ll. POLARIZATION IN PENTACENE CRYSTALS [cf. Eq. (3b)], Wherepi(o) are gas-phase charggs, are in-

A. Gas-phase properties guced atomic dipoles, anfei=—V ¢(r;) are electric fields.

] ] a=a—aCis a correctiof that accounts for the difference in
We performed calculations of the electronic structure ofap initio molecular polarizability and the “charges-only”
pentacene in gas phase using B3LYP hybrid density funcpart «C associated WItHT;;

tional theory with the extensive 6-3thG(d,p) basis set

available inGAaussIAN 9812 D2h symmetry was assumed and

the geometry was separately optimized for the neutral mol- ai,ﬁZ Il (12)
ecule, cation, and anion. Unrestricted Hartree-FAOdkiF) !

was used for the ions. Limited spin contamination was obiVe computedy for the two geometries using B3LYP density
served as estimated by the maximum deviation of the totalunctional with 6-31%+G(d,p) basis set ofcAUSSIAN 98
spin $?=0.769 before annihilation. Comparison of the ener-which is satisfactory for the acene series. For anthracene
gies of the ions in the neutral and ionic optimized geometrieshis basis yieldsy that is close to experiment or to the triple-
yields the relaxation energies, =46 meV for the cation zeta basis with special field-induced polarization functions
and A_=68 meV for the anion, under the assumption ofreported in Ref. 19.
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Principal values ofr and charges-only® are compared
in Table I. Charge redistribution accounts quite well for the
in-plane components,; and ay,, of the neutral molecule. 08t A
The polarizability ey, normal to the molecular plane, is B -
completely “atomic,” as expected, and cannot be described e
by charge redistributioR® Values that are not exactly zero ey
are due to nonplanar molecules in the crystal. The INDO/S___ An(@) &
results for ions are far too large; we return to this point in the %, 09 | /’/;"/3&1 ) r
Discussion. = Py

The difference between the B3LYP anad in Table I is o Ca‘,,(}%f:g
distributed over the atoms with the weight proportional to the ' T e
atomic valence chardeSince charge redistribution overesti- '
mates the in-plane molecular polarizability in pentacene, the

atomic correction tensar= a— aC is not positive definite. It
is still small, however, for neutral molecules, and the self-

consistent solution is well defined, even though it does not '

correspond strictly to the minimum of the total ener(gy. 01 A3 02
discussion in Sec. IIC

N
SN
NS
N
N
N

o
N
N\,
"\

C. Properties of the neutral lattice FIG. 2. Convergence dP. with increasing cluster sizi.

Both pentacen® and anthraceri@illustrate herring-bone lattice and considering an imaginary spherevbimolecules
packing with two molecules per unit cell, but their Bravais SUrrounding it. We allow only the molecules whose centers
lattices are different. Pentacene is triclitfcThe two mol- 1l into the sphere to relax their charge distributions from

ecules are inequivalent and subject to different crystal-field" Self-con5|st§|n_t values fordthve\/ neu”atlhlattlce and rlnonlltor
environments. The polarization energy of a cation or anio gro“r'ﬁé?renfger t?e ilosnm'(IELeeasr%a{IH 1eO(l;SrEr}1eV‘)5 fjgfatrig(r)\ Z‘:f ar
consequently depends on which molecular site is charge&’. . Y -

rgies of large aromatic molecules make the same geometry

Since crystalline electric fields are perturbations, we expecgoth an excellent and convenient approximation. Atom-atom

comparable polarization energies that differ at most bypoIarizabiIitiesHij for the ion are computed using unre-

~100 meV. Such differences have already been comptited gy icted Hartree-FockUHF) INDO/S.

in pentacene crystals using the submolecular métffoh Figure 2 shows linear convergence of polarization energy
which the gas-phase molecular polarizabilityis placed as \jth M~Y3 which is proportional to the inverse radius of the
al5 at the ring centers. sphere. The polarization energy extrapolates: & />, be-

Solving self-consistent polarization equations for the neucause the missing part at large finltecan be thought 8fas
tral lattice of pentacene, we find that polarization contribu-polarization of an infinite homogeneous dielectric with a
tion to sublimation energy is negligible.23 meV per mol-  spherical cavity of radiufRecM ~3 — (1— K;ﬁl)eZ/R_ Ex-
ecule, as in anthracene, since the gas-phase charges af@polation to infinite radius gives the polarization energy in
small due to an approximate electron-hole symmetry of thehe bulk,P=P_+P_=2.014 eV and 2.007 eV for the ion
valence shell. We find the dielectric tensor of pentacen@ccupying positions 1 and 2 in the unit cell, respectively. The
to be highly anisotropic, with principal values;=5.336,  “charges only” values ofP=P,+P_ are ~10% less, as
kp=3.211, and k3=2.413. For reference purposes, also found in other organic crystals. Sineg; for an aniso-
the directional cosines of the principal axes aretropic dielectric medium is knowff the slope in Fig. 2 at
n;=(—0.296-0.314,0.902), n,=(—0.021,0.946,0.322), large M is directly related to thec, found above, and the
and n3=(0.955;-0.076,0.286), respectively, in the slopes agree within a few percent. We note thgt implies
Cartesian coordinate system with the pentacene latticRientical slopes at larg¥l for the anion and cation in either
vectors (in A) a=(7.900,0,0), b=(0.444,6.044,0), and position, as found separately in Fig. 2.
c=(—6.153;-2.858,14.502). The direction af; coincides Using B3LYP values forl and A in the gas phase, we
with the direction of long axes of pentacene molecules to thealculate the transport gap of the pentacene crystall
accuracy to which the latter can be defined°). —A—P=2.740 eV in the limit of zero overlap. This corre-

The calculated principal axes and valueskofor anthra-  |ates quite well with the reported band gap of 2.85 eV, ob-
cene crystals agree with experiménitleasurements of re- tained from careful fit of electroabsorption spedtaE,
fractive indices or optical dielectric constants are challenging=2 78 eV was reported in Ref. 25 also based on electroab-
in anisotropic molecular crystaE.We are not aware of such sorption spectra of charge-transf@T) states. The experi-
data for pentacene crystals. Dielectric data will be necessamyental value for the charge gdp; A=5.22 eV, used in this
for organic devices with improved performance. context results irE,=3.21 eV, which is too high.

D. Charge carriers in the bulk E. lon pairs and CT states

We compute the polarization energy of charge carriers We next report polarization energié,,;, of CT states
following Ref. 6 by placing an ion in the infinite neutral with an ion at the origin and the counter ion at a nearby site.
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' ' energy (lines 2 and 3 in Table ]I This is an effect very
e +(0,0,0) -(1/2,1/2,0), r=515A imilar i

064 [ o 110000) - (172.15.0), 1= 4.80 A P similar |£r23 nature to the one suggested by Mazur and
- 0,00 +(1/2,1/2,0), r=515A 7 -~ PetelenZ.
- 0,0) +(-1/2,1/2,0), r=4.80A~" -~ -

-0.66 | . IV. POLARIZATION IN PENTACENE FILMS
= B A. Inert metal-organic interfaces

We now address polarization energy in thin pentacene
films deposited on metal surfad€ig. 1). We use an ap-
T proach similar to the one sketched recently for thin films of
PTCDA? which we present in greater detail. We assume an
0.7 iy ideal metal-organic interface without chemical interactions.

Organic molecules are physisorbed and in van der Waals

— - (vdW) contact with the metal. We model the metal as an

072" - equipotential surface parallel to the organic layer. The poten-
tial at the metal is assumed to lge=0, as the actual value

0 0'01 0'02 drops out from the combined polarization energy for the
1/M electron and holeP=P +P_, even though we perform
separate calculations fd*, andP_. In fact, any additive

FIG. 3. Convergence of the effective electron-hole interactionconstant in the potential cancels out for any neutral entity
energy with cluster siz#l. with an arbitrary but equal numbers of positive and negative

charges.
We place the ion pair within an imaginary sphere in a neutral Fgr the organic film we use the bulk crystal geometry,
lattice and calculate the effective interactivgy, which is  assuming a parallel slab of the crystal cut along molecular
the difference of the total polarization energy and the energyayers and placed parallel to the metal surface. The only
of a pair of well-separated charged/cs=(Ppar—P+  parameter in the model that allows limited adjustment is the
—P_). =V is the binding energy of CT states in the limit actual distance of the equipotential plane from the slab. We
of no overlap and is closely related to the binding energies oghoose it such that the equipotential surface is at the vdw
Frenkel excitons, when the final state is a molecular excitacontact distance of 2.80 A between the closest hydrogen and
tion. gold atoms. The molecular arrangement depicted in Fig. 1 is

Figure 3 shows convergence with the size of the spheran fact drawn to scale.

Since the total ion charge within the sphere is zero, the lead- As in Ref. 5 the equipotential metallic surface is treated
ing term =M~ vanishes. The polarization energy of a di- by means of the image charges. For each atomic partial
pole in a dielectric medium converges much faster & '.  charge and induced dipole we assign and place an image
Extrapolating to infiniteM, we obtain the lowest CT states at charge and dipole in mirror positions when computing poten-
—0.719 and-0.679 eV for the nearest neighbdcenter-to-  tials and potential gradients. The charges and dipoles within
center distance 4.799)Aand —0.685 and—0.675 eV for a molecule do not contribute to the potentials and potential
next-nearest neighbo(s5.151 A), as listed in Table Il. These gradients that act on that molecule. However, the images of
results compare reasonably with submolecular calculdttonsthese charges and dipoles do contribute. For example, a
of —0.777 and—0.698 eV, respectively, witw/5 at ring  single ion exhibits no polarization energy in gas phase, while
centers. Submolecular results do not distinguish between aifit-acquires polarization energy when placed near the metal
ions and cations and also depend on the precise partitioningurface.

of @, which is left open. As in bulk calculations, we solve the polarization problem

It is interesting that the mutual orientation of the cationfor slabs in two steps. We first consider a neutral filmN\of
and ion together with variations in their electrostatic re-molecular layers with no ions and with translational symme-
sponse are enough to reverse the order of states, such that thgin two dimensions. We solve the self-consistent equations

pair with larger center-to-center distance has greater bindingng find ground-state charge¥ and dipolesul, which are

different for each molecular layde=1, ... N and for each

TABLE I1l. Effective interaction energied/¢(r), in eV, of D . . . .
cation-anion pairs. The submolecular data are from Ref. 21. Cente:;ypeJ 1,2 of molecule in the unit cell. While the slab is

. ) infinite in two dimensions, the number of variables is finite
to-center distancesare also listed for reference. .
due to translational symmetry.

~ 068

Veff

Anion Cation rA Ver(r) v/ubmo{ ) We then rleplace one molecule |r.1 the surface mglkgcular
— layer by an ion and solve for the differené@?=p—p!
(0,?,01) (22,00 47990 0719~ ~0.756 and spl= u?— ul for every moleculea in the slab. Since
(=2.2.0) (0,0,0) 4.7990  —0.679 —0.756 the slab is infinite, we define clusters whose shapes are pill-
(0,0,0) (3,300 51514 0685 0698  poyes with variable radiuR parallel to the metal and fixed

(2,10 (0,0,0) 5.1514 —0.675 —0.698 thickness to includ®& molecular layers and their images. We
then relax the charge distribution of &1 molecules whose
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TABLE lII. Variation in polarization energy at the surfacB¥)

095 1 7 e No10 " Nes ] and at the metal/organic interfacB) in an N-layer-thick penta-
e ) ' v cene film on a metallic substrate. The values are reported for anion
v '/V_ at position(1) and cation at positior{2) in the unit cell, which
o ol g correspond to the lowest energy state.
S R " N3
= T Layers,N (PS=P), meV (PM-P), meV
o+ P 1 6 6
| e e “° N2 2 —40 113
e SRy T ° 3 -71 125
Sl S 1 5 ~108 129
_____________________ . 10 —166 130
s U N=1 Thick film —227 130
" 0 0.005 0.01 0.015 Figure 4 shows the convergence of polarization energies
for cations(upper pangland anionglower pane), as well as
1/M, the extrapolated values for pentacene films one to ten mo-
. - lecular layers thick. Two lines for each film thickness corre-
N=10 _* T N5 spond to two types of molecules in the unit cell. Conver-
R gence with increasing pillbox radiuR is shown as M,
o8 L P | where M,;=M/N is the average number of pentacenes per
P . layer. The computational effort increases withThe largest
S T T N=3 N=10 clusters in Fig. 3 contaiM =2806 molecules, each
s | T e containing 36 atoms, and their images.
AN O ] The combined extrapolated valuBS=P% +P* are also
ol ¢ T T N2 listed in Table Il and plotted vs W in Fig. 5. The mono-
I T e e e layer (N=1) and bulk values are almost the same. Image
e charges and dipoles at vdW separation are sufficiently more
09 —— o” . | polarizable to compensate for a vacuum on the other side.
) P T N<i PS(N) decreases with increasinyg as less polarizable or-
oo E a ganic layers are introduced between the surface and the
I Eh = metal. In the limit of a thick film, or a free pentaceaé
095 , , surface, we estimateS— P~ —0.23 eV.
0 0.005 0.01 0.015 In Table 1l the interface valueBM = P" + PM refer to the
1/M, polarization energy of an ion next to the metal in a filmN\bf

FIG. 4. Convergence of polarization energies of a catigrper
pane) and anion(lower panel in the outermost surface layer of
pentacene film on gold vs the average numidger=M/N of mol-
ecules in each molecular layeM( molecules inN layers in the
pillbox). Open and solid symbols correspond to the molecules of

type (1) and (2), respectively. <

(O]
centers are in the pillbox. We assumig?= su=0 for the &
moleculesa outside the pillbox, which means that their —~
charge distributions are not relaxed. They contain, however
partial charges and dipolg&’ and ', which contribute to 35
the total polarization energy of the film. o

B. Surface and interface polarization

The polarization energy for the ion appears, as in the bulk,
as a finite difference of two infinite energies: for the infinite
slab with and without the ion. The expression for the energy
that takes care of this cancellation is the same agZEf).in
Ref. 6, but with the potentials and potential gradients con-

100

-100

-200

T T T T

molecular layer next to metal

bulk

molecular layer at thV

0.2 0.4 0.6 08 1
1/N

taining contributions from image charges and dipoles. We FIG. 5. Variation in polarization energy at the surfd@@3(N)
perform calculations for finite pillbox clusters of increasing —P] and at the metal/organic interfade®™(N)—P] for an

M, and extrapolate tt — .
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molecular layers. The biggest increase of 100 meWat2 -0.8 - - -
comes from the first pentacene overlayer. Additional layer: ‘
produce small changes and the interface value in a thic
films is PM—P=0.13 eV. The hole and electron compo-
nents of PM are relevant for matching transport levels to
Fermi energies for facile injection of carriers. Such optimi-
zation for organic devices is largely empirical at present,
often withoutany consideration of polarization. The varia-
tion of PS(N) or PM(N) with film thickness is less in pen-
tacene than in PTCDA Pentacene layers are several times
thicker, with the long axis normal to the metal, and a single
layer already provides an effective polarization environmen
for the charge.

Potential (eV)

C. Molecular potential

We have already noted the competition between imag: 2.4 : - :
charges and induced dipoles in films of molecules with large 0 > 10 s 20
polarizability normal to the surface. The self-consistent po- Distance from metal (A)

tential 2(r) at moleculea is due to the polarized densities FIG. 6. Self istent potential f i ted by th
p°(r) of all other molecules and their images. A single pen-_ . =" > el-consistent poiential for a cation created by fhe po
L . . . larization field of neutral molecules in the lattice and the image
tacene cation in the surface layer induces an image anion i P o
- . : . . ., charge distribution in the metal. Data shown for a cation in a mono-
the metal. Since the interaction is attractive, the cation

ﬁayer on metal substrate, placed in the positi@hin the unit cell

catr o : . . , .
¢=°(r) mqre_ase mon(;'f]onlcally V_V'th the,d'Stance from theThe sketch of the molecule shows actual position with respect to the
surface. Similarly, thes*"(r) of a single anion on the surface | ata.

decrease monotonically with distance from the surface.

The situation in films is quite different due to the sur- yhat of anthracene, while the polarization energy decreases
_roun_qllng_ neutral molecules. Since the_ large pentacene polatr)-y only 9%. On the other hand, the radii of pentacene and
|zab|I|ty. is norma! to the surface, the mduced_ moments dugTcpA molecules are the same within 3%, but the polariza-
to the image anion are parallel. The repulsion of parallelion energy differs by 10%. The greatest contrast to PTCDA
dipoles and image dipoles is relieved by redistributing chargcﬁmsﬁ is that the polarization energy® is within 10% of the

towards the middle of the molecular layer. Now #&*(r) Lk value in pentacene, compared ®SP=0.77 in
has a minimum at atoms near the center, while #%(r)  pTcpA.

has a maximum near the center. The acwdf'(r) in the Direct relations between gas-phase and crystalline ener-
limit of zero overlap is the solutions of the self-consistentgies have long been sought using molecular exciton
equations. theory?’ Accurate evaluation of electronic polarization per-

Figure 6 shows the self-consistent potengiéf'(r) for r - mits sharper comparisons. There is considerable scatter in
along the axis of a cation in a pentacene monolayer on metaleported values for both the gas and solid, as noted in Secs.
The gradients yield electric fields 10’ V/icm that reverse i1 A and I1I D for the ionization potential and electron affin-
over a single molecule, directly confirming that fields areijty of pentacene. The transport gag isA— P in the limit of
strong and nonuniform. The variation @°®(r) with 1 zerg intermolecular overlap. The experimental values for the
shows the importance of repulsion between induced dip0|eff)entacene transport gap range from 2.85(R¥f. 21 to 2.4
Image charges account for more negati#®®(r) close to ey suggested in Ref. 28, to 2.2 eV used in Ref. 29. This
metal. Similar variations of self-consistent potentials arescatter was not “important” when polarization energies had
found at ions(1) and at neighboring neutral molecules. Thetg pe estimated in the bulk and were not available at all at
strong shielding of a single layer of pentacene follows fromgyfaces. With the ability to calculate polarization energies, it
the weak dependence o Similar curves(not shown for  pecomes possible to analyze and connect various sources of
N=2, 3, and 5 are essentially parallel to tNe=1 curve in  experimental data on such quantities as optical and transport
F|g 6, but.diSp|aced to less negati“msitive pOtential for gaps, CT b|nd|ng energieS, and work functions.
cations(anions. All molecular calculations, except for the gas-phase prop-
erties, were performed using experimental geometries from
the crystal structure datd.Slight variations in the geometry
of the two molecules in the unit cell were consequently taken

The bulk polarization energy can be estimated simply ininto account. While the variations in electronic energies are
terms of molecular size? . =(e?/2R)(1— 1/x), for a sphere small (tens of meV, which is consistent with the adopted
of radiusR in an isotropic dielectric medium witk~3 for ~ approximation, we believe that crystalline geometries are
organic molecular crystals. Such rough values rationalizereferable to gas-phase geometries when vertical electronic
much data but preclude accurate positioning of transport otransitions are considered in the condensed phase.

CT states. The effective pentacene radius is 14% greater than We note that INDO/S greatly overestimates the in-plane

V. DISCUSSION
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polarizabilities of ions in Table I. The huge differencesff ~ bulk pentacene using a first-principle Green’s-function tech-
between cations 1 and 2 is clearly unphysical in view ofnique. Their value for the transport gap is 2.2 eV. If we
small distortions in the crystal, and it rationalizes why con-estimateW~0.5 eV, we getE;=2.71 eV with the experi-
vergence was particularly difficult for cation 1. The UHF mental charge gap, while the calculated charge gap leads to
INDO/S approach fails for ions. Radical ions of large conju-the value 2.35 eV, which is too small.
gated molecules are expected to be more polarizable than the When bandwidths are comparable to polarization ener-
neutral molecules, in line with the B3LYP entries in Table I. gies, the zero-overlap approximation cannot be justified, and
While the idea is thak constitutes a small correction, and it W€ face a challenging problem of combining the *localized"
is not so for ions, we expect this to have a negligible impacfreatment of polarization effects with the delocall_zed_ lan-
on the results. The reason is that the largest part of the p@uage of band theory. The self-consistent polarization ap-
larization energy comes not from the ion itself but from theProach can provide a proper “zero-order” approximation for
polarization of many neutral molecules surrounding it. More-th€ attempts to treat bandwidth effects as perturbation.
over, the molecular is kept no matter how it is partitioned Ve note that our self-consistent approach has the ability
between charge redistributiom®) and induced dipoles. In to d|st|rjgmsh _between the electronic pol_anzatlon of cations
the future we may choose to ubk; of the neutral molecule and anions, since the quantum_—mechanl_cal_strL_Jcture of mo-
. T ~. lecular response is used to obtain the redistribution of charge.
for'the lons, and to absorb the polarlzap|l|ty d|ﬁerenpexln We can also estimate variations of polarization caused by
lglzgr?gur:reerz sbel?tarr]?)tteinB;Ié\;P(Scalculanonmﬁor the ions, slight changes in molecular geometry between crystal and

. . _ as phase, and especially between inequivalent molecules in
Small atomic charges in acenes are related to approxima

; e unit cell. These variations appear to be of the order of
electron-hole symmetry. The crystal potentil=&(ri) at  54_40 mev, which is on the threshold of the accuracy, but
atom i due to INDO/S charges is consequently small,

8ych variations are probably correct on the order of magni-

shown by~1 meV per molecule contributions t0 the subli- ,4e and may be important in the analysis of experimental
mation energy. Since the potential due to the B3LYP or anyyata.

other gas-phase charge distribution can readily be computed |, summary, we have applied the recently developed self-

?t the gosmons of other atcl)m_s in the crystal, we ng obtaiRonsistent approach based on evaluating charge redistribu-
Irst-order corrections to polarization energies in ge .m tion in organic molecules to the problem of electronic polar-
combining the best available gas-phase potential with self

X ; ) >="ization in pentacene molecular crystals. The power of the
consistent charges and dipoles based in INDO/S calculation P Y P

h | ; | te Shi & proach comes from the combination of semiempirical
The quadrupole moments of acenes lead to opposite shifts @ aiment of charge distribution by means of atom-atom po-
P, and P_, as discussed previously for submolecutés.

; h ; e . h 3 larizability tensors with accuratb initio gas-phase calcula-
Since such corrections cancelf=P., +P_ in anthracen€,  ons of molecular polarizabilities. As a result, we are now

we expect them to be small in pentacene. They are not négije g calculate polarization energies with accuracy on the
ligible in PTCDA or conjugated molecules that contain het-5.qar of 0.1 eV or better.

eroatoms and hence partial charges.

Our values for the transport gap are likely an overesti-
mate, due to the bandwidth effects for electrons and holes,
and the correction can be introducedBs=1—A—P—W. It is a pleasure to thank A. Kahn and R. A. Pascal, Jr. for
The bandwidthw in molecular crystals at room temperature stimulating discussions. E.T. is grateful to Kieron Burke for
is thought to be of the order of few tens of meV or less,insights on density-functional calculations. We gratefully ac-
which justifies our zero-overlap approximation. At lower knowledge support for work at Princeton through the MR-
temperatures, however, the bandwidths may be large in ceBSEC program under DMR-9400632. Work at Rutgers was
tain directions. It has been suggested that the bandwidth iperformed at the New Jersey Center for Opto-Organic Elec-
pentacendat zero temperatuyemay be anomalously large tronics, supported by the New Jersey Commission on Sci-
and reach 500 me¥t Very recently, Tiagcet al®2 reported  ence and Technology, and also by the Office of Naval Re-
HOMO and LUMO bandwidths of 360 and 570 meV for search, Grant No. NO00014-01-1-1061.
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