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Quantum chemical ab initio calculations of correlation effects
in complex polymers: Poly (para-phenylene )
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Different quantum chemical approaches to the ground state correlation energy per unit cell of
infinite poly(para-phenyleng PPB chains are presented. PPP is an organic polymer with interesting
optical properties, due to its conjugated, aromatisystem. The inclusion of correlation effects is
crucial for a sound quantum chemical description of such a system. The correlation calculations
were performed on the coupled cluster with single and double excita@@@SD level of theory

using Dunning’sspdcorrelation consistent polarized valence double-zeta basis sets. The correlation
energy per unit cell is determined by means of the incremental method, which comprises series of
CCSD calculations with partial excitation spaces. The resulting correlation energy per unit cell of
PPP is—21.797 eV and compares well with that obtained by a simple but much more demanding
cluster convergence approach 21.775 eV). In addition, the accuracy and performance of the
incremental scheme is discussed with respect to full CCSD benchmark calculations on PPP
oligomers. Two variants are considered, the conventional one based on bond-type local units, and an
extended one based on natural chemical subunits. Whereas it is difficult to reach “chemical”
accuracy with the first variant, the second variant allows an accurate and efficient treatment with
only a few individual CCSD calculations for a polymer with an aromatisystem such as PPP.

© 2004 American Institute of Physic§DOI: 10.1063/1.1740748

I. INTRODUCTION “high”-temperature phaséat 200 K) in which all phenylene
rings are in the same plafiéThis transition is possible be-

Poly(para-phenylene(PPP is an organic polymer with cause the rotational barrier between the tilted structures is

interesting optical properties: It is used as light-emitting di-found to be very small, 0.026 eV in case of para-triphenyl.
ode, field-effect transistor and in nonlinear optical ’

. ” . ! On the other hand, theoretical investigations on PPP
devicest™ They are caused by the particular electronic and_,. 7-29 .

. : o D oligomerd’~2% favor tilted structures. In dependence on the
geometrical structure of PPP, which exhibits an infinite, con-_ " . o .
; : . applied quantum chemical method, the optimized torsion
jugateds system. Because of these optical properties and the

resulting technical applications of pdpara-phenylene a?gtl_i d(;ffers bet\{[v(_aen .20 3nd 4t0 ‘tr? f cfouistir,]t?e oci‘currence
many quantum chemical studies have been devoted in the ec gelon;e.nes f'SPPlIJDe I'O € fact tha on.é/ or;le-.

past to the correspondiritnite oligomers. In this publication imensional chains o ollgomers were considered in
we shall present a method, which allows one to perform sucmese studies and the crystalline packing effect is totally

post self consistent field correlation calculations alsoifier ~MSSING-
finitely long PPP chains. In the present study we have calculated the correlated

One of the issues discussed in almost aliSingle point energies for planar PPP oligomers having in
experimentél’lﬁ and theoretical~%° investigations on mind the planar arrangement of the PPP units in a three-

poly(para-pheyleneand its corresponding oligomers is the dimensional crystal. Our model compounds are of an ideal-
question whether PPP is a crystal composed of planar or d¢fed geometry: All CC bonds have equal distanghe same
tilted substructures. Two main physical effects govern thdor the CH bondsand all bond angles are of 120°. To check
arrangement of the phenylene rings in PPP. The crystallinghe effect of tilting the phenylene rings in PPP we have also
packing tends to make the PPP chains planar, while the sterf@lculated two of our model compounds with a torsion angle
repulsion between the ortho-hydrogen atoms of two adjacerfif 26° (in reference to the theoretical data’.
phenylene ringgsee Fig. 1 tends to do the opposite. We are interested in the correlation effects, which stabi-
Experimental results do not provide a clear preferencdize the ground state of the abovementioned PPP model poly-
for one of the two abovementioned structures. In fact, in themer, and our aim is to determine and analyze these effects
experimental literature'®there can be found indications for via wave-function-baseguantum chemical correlation meth-
both of them. Low-temperature measurements on crystallineds. Unfortunately, such correlation methods are especially
oligomersusually show a tilted structure. Yet, for crystalline designed for finite systems like atoms and molecules. But we
para-triphenyl there was also found some evidence for avant to demonstrate here that it is possible to make them
also applicable to extended or even infinite systems like PPP.

dAuthor to whom correspondence should be addressed. Electronic mail: To achieve this goal it is (_:ru0|a_l to exploit the Io_cal
birken@mpipks-dresden.mpg.de character of electron correlation, i.e., to use localized
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S Il. METHODS
He"T

Two entirely different ways to determine the correlation
energy per unit cell of polpara-phenylene(PPP are used
n= OO in this investigation, the incremental metfi8d and a
0 simple cluster convergence approdels used, for example,
| —1n in Refs. 48 and 4P Both approaches have been described in
steric repulsion detail elsewhere, and here we only briefly review them to

settle the nomenclature and notation. The details of the cal-
A culations are given at the end of this chapter.

©_©_© A. Incremental method
Within the incremental method the ground state correla-

tion energy of a large system is built up successively from
individual correlation contributions according to the follow-

ing stepwise procedure that fully exploits the predominantly
local character of electron correlation:
(@) To initiate the procedure the occupied canonical or-

bitals from a standard Hartree—Fock calculation without
symmetry have to be localized by some suitable localization

method such as Foster-Boys* or Pipek—Mezey*® local-
ization. The Hartree—Fock calculation also yields the refer-
ence valueESCF for the total energy of the system.

(b) First, the “one-body” energy increments

crystal packing

FIG. 1. Distorted structure of polgara-phenylene(PPB in single chains AE.=E. — ESCF (1)
due to steric repulsiofupper part vs planar arrangment of the chains in ! !
bulk PPP due to crystal packiritpwer pari. . .

are determined by calculating the total eneEjythe system

hasin caseonly electrons from a single localized occupied

bondi are allowed to be excited during the correlation cal-
Hartree—FockHF) orbitals and suitable truncation criteria. culation. All other localized occupied orbitals are kept frozen
The incremental methd®®! is a scheme, which allows di- in such a “constrained” correlation calculatigaery similar
viding the correlation energy of a system into individual, in spirit to constrained SCF calculatiof$?. The sum over
local contributions(the so-called incrementswhich decay, all these one-body energy increments already provides a first
both with the number and the distance of the explicitly cor-(rough estimate of the full correlation energy of the system.
related electrons. (c) The “two-body” energy incrementdE;;; are deter-

Since 1992, when Stoll introduced the incrementalmined next by considering pairs of bond orbitalsind j.

method®®3! this scheme has been applied successfully t&nly electrons from such a pair are allowed to be excited
many compounds with nearly all common types of chemicaduring the corresponding constrained correlation calculation
bonds. Until now the ground state correlation energies ofielding the total energieg;;;. The two-body energy incre-
graphite and diamontf:*! of group-IV semiconductor¥3*  ments are then defined as
-V and 1I-VI semiconductor$>**~3" oxides such as
MgO, rutile (TiO,) or even NiO*®~*!light and heavy alkali AE;;;=E;;—ES“"~ AE;— AEj, 2

halides up to AuCf?=* GdN/® hydro borate4® bulk LiH _ L L .
and LiH chaing'”“® trans-polyacethylen®:%° and rare gas which are the nonadditive contributions to the correlation

crystal§L%2were estimated. But an application of the incre- €NergiesEi; - ESCF with respect to the one-body energy in-

mental method to a chemically more challenging system lik¢"€MentsAE; and AE; of the involved orbitals andj. In-

a semiconducting polymer with an aromaticsystem is still clusion .of these pair correcyons improves the estimated full

missing. That is why we have applied the incrementalcorrelation energy substanﬂglly.

method®3'to PPP. (d) The above construction can now be repeated up to
We want to show that even for an aromatic compounc®"y Order, i.e., the “three-body” energy increments read

with strongly delocalizedr-electron systems the total corre-

lation energy can be determined via local energy increments. AEjj=Eijjp— ES ABi;~ AEjy— AEj)— AE,

Two different variants of the incremental method have been —AE; - AEy, 3

applied for that purpose and we will discuss the convergence

of the incremental series for both of them. The ultimate goalwhereE;,; are the total energies obtained from constrained

a sound value for the correlation energer unit cell of  correlation calculations with nonfrozen bond triplésj (k),

poly(para-phenylene turns out to be accessible by a few and all higher-order energy increments are defined in an

correlation calculations on small PPP oligomers with suitablyanalogous way. Of course, in practice, only increments up to

restricted configuration spaces only. a finite order are considered.
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(e) From pure combinatorial arguments it follows that applied successfully, e.g., for the extraction of surface and
the full correlation energ¥.,,, of a system is given by the bulk energies of MgO, Al and Li from slab models of various
sum overall possible energy incrementwith proper weight  thicknesse® % (for an overview see Ref. 64
factors for symmetry-equivalent increments

C. Computational details

Ecorr:Ei AEH‘;J_ AEi/i+i<j2<k ABijjpct (4) All calculations reported here were carried out with the
MOLPRO molecular orbitalab initio program packad@ and
Here, the term “full” refers to the given one-particle basis the sewarpintegral routine® using the coupled cluster with
set and the chosen correlation method. The actual virtue inngle and double excitatiof€CSD option implemented in
the above expression is that it has been proven numericallyioLprc?” without perturbative triple corrections. Actually,
to converge rather rapidly>?and thus only a limited num- the configurations for the CCSD calculations were con-
ber of contributions have to be evaluated explicitly. structed fromlocalized Hartree—Fock orbitals, which pre-
Although Eq.(4) is, in principle, valid for any kind of  yents the use of any perturbative treatments based on canoni-
correlation method, size-extensivity is required in order tocg| orbitals(as done in the standard, nonlocal version of the
achieve reasonable convergence in practical applicationg;csp program invoLPRO which we have used hereThe
i.e., to find negligible higher-order correctiodsZ;;;,, . and  Foster-Boys localization proceddré* was employed, i.e.,
(even more importantvanishing low-order energy incre- pairs of “banana’-bond orbitals are used to describe the CC
ments for large distances between the localized orbitals.  gguble bonds in PPP. Dunning’s correlation consistent polar-
In fact, the incremental method is &m(N) procedure jzed valence double-zeta basis séts-pVD2)® for C
whose effort only grows linear with the system size. Hence[(954p1d)/[332p1d]] and H[(4s1p)/[2s1p]] were used
it can also be used to treatfinite but periodic systems. To  throughout this study, and thes%-core shells of carbon were
do so, Eq«(4) is rewritten in the form kept frozen in the CCSD calculations.
As already mentioned, the investigated PPP oligomers
Ecorr:E ) are of idealized geometrical structure: All CC bonds have
' equal length, 1.390 A, all CH bonds were set to 1.090 A. The
Due to the translation symmetry of a periodic system such abond angles in the molecule are all 120°, and the molecules
PPP chains the term in brackets does depend on the unit are usually planar. For checking the influence of the two
cell (UC) where the orbital lies. As a consequence E) interacting hydrogen’s in ortho position of the phenylene
reduces to rings slightly tilted oligomers were considered as well. For
both oligomers investigated, biphenyl and para-triphenyl,
E‘Cﬁr: 2 , (6) the dihedral angles between adjacent phenylene units were
ieuc set to 26°.
which is a finite sum(after introduction of some suitable To perform the many constrained CCSD calculations,
truncation criteriaand gives the correlation ener@f<, per ~ Which are necessary to extract the energy increments in a
unit cell. The choice of the unit cell is arbitrary here and can,reasonably efficient way, the localized-orbital transformed

in principle, be chosen differently for any set of translationaltwo- and four-index integrals are stored on disk before being
equivalent increments. used in subsequent correlation calculations. This allows per-

forming all the constrained CCSD calculations for a given

oligomer in one shot without redoing the integrals and their
B. Cluster convergence approach transformation again and again. The individual constrained
CCSD calculations are set up by identifying the respective
frozen and nonfrozen occupied orbitals of the oligomer and
by declaring the former ones to be core orbitaier a suit-

AE|+2 AE”J"’ E . AEI/J/k+
i>i k>]>i

AE|+E AEi/]'"‘ Z ) AEi/j/k—i_“'
> k>j>i

If PPP oligomers H(gH,),H of increasing lengtm are
considered, the step fromto n+1 can be regarded as an

insertion of a phenylene unit¢®l, somewhere in theniddle able reordering of the localized orbitalto exclude them

of the former oligomer. Hence, the correlation energy Lo . X
. . . from the excitations. As far as the virtual space is concerned,
Ecor{n) of subsequent oligomers essentially differs by the

energy of a single unit cell of PPP, and the correlation energl‘or simplicity, the entire set otanonicalvirtual orbitals of

er unit cell may be obtained as the limit the oligomer is used.
P y To exploit the concept of locality inherent in the incre-

Eggir: lim AE(n)= lim[E¢y(N) —Econ(n—1)] (7) mental method, one could further introduce virtual orbital
n—o n—oo domains associated with the nonfrozen occupied orbitals as

as put forward in some recent publications of Abdurahmarsuggested, for example, by Pufdyand used with great suc-
et al*8%% This sequence converges much better than th&ess inlocal correlation methods such as local Mgller—

simple ansatz Plesset perturbation theory up to second oft#tP2)"* " or
e local coupled cluster with single or double excitations
Ecor= lim AE(n)/n (8 (LccsD).”2Exclusion of the nonselected virtual orbitals can

n—oo

then either be achieved by adding properly constructed shift
because the latter sequence still contains “edge contribusperators to the core Hamiltonian @omputationally more
tions” from the terminating groups which only decay with efficient by directly manipulating the computer code, if
1/n. This observation is rather old and has previously beeravailable. This way the computational cost for a given en-
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FIG. 2. Partitioning of benzen into local bond uniseperated by dashed

lines) as used in Variant | of the incremental method. C—C and C—H single . L . l
bonds are indicated by single line=C double bonds by double lines.

Energy [eV]

-21.5F -1

ergy increment becomes independent of the size of the oli-
gomer to represent it and one may even consider some em
bedding schemes to avoid the explicit introduction of finite

‘E 22,0} -
. 3 m
oligomers at all’ >
m

TheMoLPRO program package is particularly well suited 225 .

for this business because it has a very flexible input and a lot

of built-in matrix and orbital manipulation tools. In addition,
powerful pre- and postprocessors have been developed in our
group to automatize to a large extent the generation of input

: H 1 | 1 | 1 | 1
files and the extraction of output ddth. 23.55 S5 = =5 =00

Number of increment energies N, .
Ill. RESULTS AND DISCUSSION e

A. Incremental method: Variant | FIG. 3. Sum of all individual bond energy incremeitg; , AE;;,... up to
_ _ fourth order for benzene as a function of the nunﬂogg””km of increments.

The most direct way to apply the incremental schemePanel B shows a zoom into panel A to emphasize the narrow energy range
outlined in Sec. Il A to a polymer is to choose the localized@round the full CCSD correlation energyertical ling which serves as a
orbitals associated with the individual bonds as recurring®e"ence here-
units of the system, and to define the energy increments with
respect to these local units. For instance, a local “C-C
bond” unit is given by that localized- orbital which repre- energy by 0.088 eV, which is not a negligible quantity if it
sents the CC single bond, while a local 2€C bond” unit  comes to heat of formations. Inclusion of more and more
consists of thoséwo localized orbitals which form the CC four-body increments will finally bring the deviation down to
double bondi.e., either oner and onew orbital or a pair of  0.003 eV. In practice, a brute force summing owdr pos-
banana-bond orbitglsAll together there are three different sible energy increments up to a certain order is not a very
types of local units in PPP oligomers: C—H, C-C angC  economic way to find the full correlation energy of a system.
bond units(see Fig. 2 A preselection of the physically relevant contributions has to

Summing over all possible energy increments yields thébe done. Yet, in view of the convergence behavior shown in
full correlation energy. In Fig. 3 it is visualizdfbr benzeng  Fig. 3 the quality of the approximated correlation energy will
how the sum over all one-, two-, three-, and four-body en-be quite sensitive to the details of the selection, especially if
ergy increments actually approaches the full correlation enene is heading for a minimal number of increments to keep
ergy. The abscissa is the number of increments grouped yie computational costs low. This is demonstrated in Table |
order and sorted by decreasing value of the energy increwhere the correlation energies obtained from two different
ments within each group. Note that the number of incrementselections and the resulting CPU times are compared to those
explored here is substantially larger than ttsymmetry- of a standard CCSD calculation on the entire oligomer, ben-
weighted number of increments usually considered for in-zene, and biphenyl, here.
cremental ground state calculatioils® Summing up only the one-body energy increments

Obviously, the convergence is oscillatory. If one sums(AEc_c, AEc_c, AEc_y) and all first nearest neighbor
over all one- and two-body energy increments, the correlatwo-body energy incremente.g.,AEc_cic_c, AEc_cic—n»
tion energy will be overestimated by more than one electroml\E__¢,c_y for benzengone will underestimate the full cor-
volt (1.083 eV. If the first half of the three-body energy relation energy for both molecules by about 10%-4 eV,
increments is added, the sum of the energy increments willoughly), although the number of required increments is al-
approach the value of the full correlation energy. Howeverready substantial, 30 for benzene and 59 for biphenyl. The
adding up all three-body energy increments ruins that coinpoint group symmetry of the oligomers has not been ex-
cidence and leads to an underestimation of the correlatioploited in the data shown in Table I, because with increasing
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TABLE I. Comparison of calculated correlation energ8E; ., andE,,, and computational demantls,, and

teor (CPU times$ for benzene and biphenyl between the incremental method using Variant | and full CCSD
calculations. The numbeN;,., of required energy increments is shown in the first column. Two different
selection schemes were appliete footnotes b and c for details

Incremental calc(l) Full CCSD calc.
Nincra EAEincr (eV) tin(:ra Ecorr (EV) tcorra
Benzene 30 —20.589 (92%) 9 min —22.378 15 min
60° —22.554 (101% 23 min
Biphenyl 5¢ —39.979 (91%) 340 min —44.149 1493 min
123 —44.122 (100% 838 min

#Reduction via exploitation of point group symmetry not included.
PAll one-body and first nearest neighb@iN) two-body increments.
CAll one-body, first and second NN two-body and first NN three-body increments.

complexity of the molecule to treat point group symmetrythe involved orbitals, which reduces the number of con-
becomes less and less important anyhow. For biphenyl, fastrained correlation calculations to be performed substan-
instance, effectively onl\C; or C; symmetry remains once tially. Further, thentra-group correlation is fully included in

the local units have been introduced. each of the energy increments which improves the conver-
If one extends the selection by all second nearest neiglgence of the incremental series and can be regarded as an
bor two-body energy incrementgvhich are AEc_c/c—c implicit summing up ofall individual-bond energy incre-

AEc_cic—c, AEc_cic_ny and AEc_cjc_y in the case of ments within the groups up to maximum order. The price to
benzengandall first nearest neighbor three-body energy in-pay is, that on average much more electrons have to be cor-
crements AEc_c_cie_c In benzeng the full correlation related explicitly in a single constrained correlation calcula-
energy can be reproduced with 100%—101%. The very gootlon, which can increase the computational time quite notice-
performance of the extended selection on biphenyl is acciably.
dental, because adding some more two- or three-body energy To set up this new variariteferred to as Variant )ifor
increments will likely change the estimate by much morepoly(para-phenylenethe natural chemical units of PPP and
than its current deviation from the full correlation energyits oligomers are chosen as local subgroups: the phenylene
(0.027 eV. rings (Ph), the CC bridges between the rin¢gS8C) and the
Of course, the number of increments and the resultingerminating phenyl groupgHPh) of the oligomers(see
CPU demands increase as well upon extension of the seleEig. 4).
tion. While the CPU times for the smaller selection stay well ~ In some exceptional casé@sdicated explicitly we split
below those for the full CCSD calculations they reach 150%the terminating HPh groups further into a Ph unit and an
for the extended selection in the case of benzene. For thigolated CH bond. For benzene we proceed in a similar way.
larger molecule the incremental method remains more effiTo check the convergence of Variant I, all necessary energy
cient because of its more favoratll{N) scaling property.  increments and the full correlation energies were calculated
Yet, the number of relevant increments, and thus thdor biphenyl, para-triphenyl and para-tetraphenyl. For conve-
number of individual constrained correlation calculationsnience, from hereon, we shall refer to para-triphenyl by
one has to perform, remains large. To overcome this problertiriphenyl” only. The same holds for para-tetraphenyl. The
a second variant of the incremental methods is set up, whictesults are shown in Table Il together with the number of
relies on molecular, rather than bond-type recurring unitsrequired increments and the resulting CPU times.
This procedure will be explained in detail in the next section.  For all three oligomers the sum over the one-body en-
ergy incrementAEp,,, AEcc and AE,p;, the first-nearest
B. Incremental method: Variant Il neighbor two-body energy increment\Epycc and
For larger and structural more complex molecules it mayAE.HPh’CC' and the phenylene containing second-nearest
: : . “neighbor two-body energy incrementsEppn, AEppnpen
be more advantageous to group the localized orbitals |ntondAE turn out to be sufficient to aporoximate the
molecular subunits and to use these orbital groups as local HPR/HPh PP
units for the incremental method. Especially for aromatic
rings, which can only be expressed properly by mesomeric
structures and where a separation into double and single
bonds may be regarded as contra-intuitive, the use of orbital
groups seems to be more appropriate. Because of their pure
combinatorial nature the equations of the incremental
method given for individual bond units in Sec. IlA are
equally well applicable to molecular subunits with the only
exception that the. |n(.1|F:e|§]/k/... then refer to grO.UpS. of FIG. 4. Partitioning of an infinite polpara-phenylene(PPP chain into
bonds rather than individual bonds. Far less combinations Qfcal molecular subunits as used in Variant II of the incremental method. As
such orbital groups exist for a given maximum distance ofin Fig. 2 the local units are seperated by dashed lines.
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TABLE Il. Comparison of calculated correlation energleAEY .. and E.,,, and computational demand,,
and t.,, (CPU times for different polypara-phenyleneocligomers between the incremental method using
Variant Il and full CCSD calculations. The numbisf!.. of required group energy increments is shown in the
first column. For the details of the selection scheme see footnote b.

Incremental calc(ll) Full CCSD calc.
Nﬁ']rcfa EAElgnrcl' (eV) tﬁ']rcfa ECOTI’ (ev) tCOI’Ta
Biphenyl e —44.189(100% 48.2h —44.149 25.0 h
Triphenyl 1P —65.983(100% 155.4h —65.923 300.5 h
Tetraphenyl 16 —87.774(100% 1764.7h —87.698 3600 h

@Reduction via exploitation of point group symmetry not included.
PAll one-body and phenylene containing first and second NN two-body increments.
°Estimated based on nonconverged CCSD calculation avEh,=10"° a.u.

full correlation energy up to 100%. In fact, an accuracy ofcause the Pkor HPh units contain 26or 28) valence elec-
0.09% is achieved which corresponds to deviations of aboutrons while the CC units just carry two. But even the
0.02 eV per GH,4 unit only. Apparently, the discarded energy phenylene containingwo-body energy increments are all
increments, such a8Eqccc are of minor importance only, still in the same order as the one-body energy increments of
yielding at most a few hundredth of an electron volt. the CC bridges. This can be understood by remembering that
As expected, the number of increments is reduced drathe group energy increments effectively sum over many
matically, e.g., only six group increments for biphenyl com-individual-bond energy increments. The data shown in Table
pared to 123 individual-bond increments that were alreadyll demonstrates very nicely that after such a summation the
necessary in Variant |, just to reach the 1% accuracy regimewo-body increments of individual bonds may indeed be-
The CPU times behave a little bit more complex. In case otome as important as the one-body individual-bond incre-
biphenyl, the first PPP oligomer considered here, the increments simply because there are much more of them in a
mental calculation is twice as expensive as the full CCSDmolecule or periodic system.
calculation. This is easily understandable taking into account Somewhat surprisingly, there are hardly any differences
that the variational space for one of the six selected increbetween the energy increments from the terminating group
ments, AEypnmpn 1S @lmost as large as that of the entire and those from the central part. And even in cases such as
molecule because only the one orbital of the CC bridge uniPh/CC versus HPh/CC where, in principle, two different sub-
is kept frozen. Only if the relevant combinations of molecu-units are involvedPh and HPhno differences larger than 1
lar subunits remain really smaller than the whole oligomermeV could be found. The only exceptions are the one-body
the incremental calculations become more favorable as isnergy increments of the phenylene unit “Ph.” Here, some
confirmed by Table Il. Unfortunately, we were not able to significant changes are discernable once the Qunit hits
converge the total energy of the full CCSD calculation foron the terminating grougas is the case for biphenyl and
tetraphenyl down to 1 a.u. (the energy threshold for all benzengand one, or even both, CC bridges are replaced by
other CCSD calculationsvithin any reasonable computation CH bonds.
times. We only reached 18 a.u. and thus had to estimate However, the most important message of Table Il is that
the ultimate CPU demand on the base of the CPU time pethe convergence of the energy increments with the siné

CCSD iteration. the employed oligomers KPh),-H is very fast. For most of
C. Correlation energy of poly (para-phenylene ) - ..
. ) ) #° s == -terminating groups
Before evaluating the correlation energy per unit cell the u 1 J,) — central part
convergence of the individual energy increments with the =t rest

size of the oligomers, which were used in the constrained
correlation calculations, has to be checked. In this context it
is important to differentiate between the phenylene rings and
CC bridges of the terminating groups and those in the center
of the oligomergsee Fig. 5.

It should be expected that the energy increments from
the terminating groups converge to different values than the s 1=
energy increments from the central part. Therefore, the en-
ergy increments reported in Table Il are separated into “ter-
minating” and “central” ones, adopting the successful selec- ,," R
tion criterion found in the previous section. o1 l," '

The phenylene containing one-body energy increments =2

_AEPh and AEp, are much Iarge_r than th_e one-bo_dy eNergyrG. 5. Different types of local molecular subunits occurring in various PPP
incrementsAEc¢ for the CC bridge, which is evident be- oligomers as used for Variant Il of the incremental scheme.
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TABLE lIl. Convergence of the group energy incremet&(.. with increasing lengtm of the poly(para-
phenyleng oligomers H-(Ph)-H. The data on the left refer to the terminating groups, those on the right to the
central part of the oligomers. The last row reports the extrapolation to infinite chain length.

AEY (terminating) (eV) AEY (central) (eV)
n HPh CC HPh/CC HPh/Ph Ph CcC Ph/CC Ph/Ph
1 —20.662 —18.946
2 —20.619 —0.616 —0.832 -0.671 —18.903 —0.616
3 —20.614 —-0.615 —0.832 —-0.673 —18.849 —-0.615 —0.832
4 —20.613 —0.615 —0.832 —-0.673 —18.843 —-0.614 —0.833 —-0.674
o0 —20.613 —0.615 —0.832 —0.673 —18.843 —-0.614 —0.833 —-0.674

#Benzene is split into a s (HPh part and one CH bond.
bBenzene is split into a &, (Ph) part and two CH bonds.
“Both phenyl groups are split into a;8, (Ph) part and one CH bond.

the increments the correlation contributions are well contriphenyl data and,.,=20d (compared to 106) when using
verged within 1 meV already far= 3 (tripheny). The over-  the tetraphenyl data.

all convergence is reached with tertaphemy-(4) for which As already pointed out, convergence of the energy incre-
the most critical energy incremend\Ep, (and AE,pp), iS  ments with respect to the size of the oligomers is reached.
also converged up to a few milli electron volts. Hence theseHence, the difference between the correlation energies ob-
values can be regarded as very sound estimates of the enengiined with the incremental method and that found by the
incrementsAEpy, AEcc, AEpycc and AEpyp, in infinite  cluster convergence approach is solely due to the missing
PPP chains, as is indicated in the last row of Table Il by thenigher-order and long-range energy incremeres.g.,
n=c data. AEppccpnandAEcecd. It amounts to 0.022 eVor 0.1%,

Let us now turn to our ultimate goal, the correlation and is precisely in the same order as the difference gel, C
energy Egy,, per unit cell of the infinite polymer PPP. As unit found for the finite oligomerésee Table Ii. In any case,
outlined in Sec. Il there are two fundamentally differentit is negligibly small and does not force further calculations
ways to evaluate this quantity, a simple cluster convergencgith larger oligomers.
approachSec. Il B and the incremental methd&ec. Il A).

For the cluster convergence approach the difference
Econ(n) —Eco(n—1) between the correlation energies of
oligomers of subsequent lengthhas to be evaluated. Using
the data from the full CCSD calculations provided in Table Il In this last section we want to discuss to which extent
one finds—21.775 eV for bothn=3 andn=4. Apparently  the results we have obtained for planar PPP chains are also
this approach converges really fast. The disadvantage of thiglevant for the tilted structures one usually observes in iso-
method is its demand of CPU time full; CCSD calculationslated oligomers. In other words, we would like to address the
have to be performed for all considered oligomers. In case dsue of the steric repulsion of the two hydrogen atoms,
the bi/triphenyl pair (= 3) the calculations run 14 days, in which are located in ortho position of adjacent phenylene
the case of the tri/tetraphenyl pain€4) they take even 106 rings (see Fig. 1 Therefore, the total energies of tilted and
days. Another disadvantage of the simple cluster converplanar bi- and triphenyl were calculated at the HF and the
gence approach is that it cannot be extended in a simple wagCSD level of theory. They are summarized in Table IV.
to two- or three-dimensionally periodic systems. Also it has  In both cases the tilted structures of bi- and triphenyl are
some difficulties as soon as partially charged terminatingnore stable than the planar ones. The calculated differences
groups are involved. in the ground state energy are small with values around 0.2

The second approach, the incremental method, is basesl/ for biphenyl and 0.4 eV for triphenyl, and somewhat less
on the summation over all translationally nonequivalent enpronounced on the CCSD than on the HF level of theory.
ergy increments of the polymésee Eq(6) for detaild. For = Experimentally it was found, that the rotational barriers of
PPP these aré\Ep,, AEcc, twice AEp,cc (i.e., once the PPP oligomers are exceptionally low, e.g., for triphenyl
AEccpn and onceAEpycc, Which are the same by point values of 0.026 eV are reportéd=or comparison, the rota-
group symmetryandAEpy,pn. Here the above selection cri- tional barrier of the single CC bond in ethane amounts to
terion was applied again. Taking the data given in the 1as0.127 eV, the rotational barrier of the partial double bond to
row of Table Ill yields a correlation energ)Et’,f;r of  the methyl group in styrol is 0.139 eV and the inversion
—21.797 eV. Using the data for triphenyh€3) instead barrier of the pyramidal nitrogen center in ammonia amounts
results inEL- = —21.801 eV, which is essentially the same. to 0.247 eV.°> With respect to these values the steric repul-
In both cases, the calculations could be performed in far lession of the hydrogen atoms in the ortho position of the phe-
CPU time than was necessary for the simple cluster convenylene rings is weak in PPP and can easily be overcome by
gence approach;,,,=3d (compared to 1d) when using the crystal packing effects.

D. Tilted versus planar geometry
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TABLE IV. Total HF and CCSD energieBr and Ecgp together with the correlation energiks,,, and sum

S AE;, over the most important energy increments of biphenyl and triphenyl in tilged 26°) and planar
(®=0°) geometry. For convenience, the energetic preference of the tilted structure with respect to the planar
one is also listedlast column. For the selection of the energy increments see footnotes a and b. Here ortho
refers to the hydrogen atoms in ortho position of the phenylene rings shown explicitly in Fig. 1.

Tilted Planar Preference
(a.u) (a.u) (eV)
Biphenyl Ene —460.274 97 —460.266 87 0.220
Eccso —461.896 57 —461.889 32 0.198
Ecorr —1.621 60 —1.622 44 —0.023
SAEj? -0.12182 -0.12291 —-0.029
Triphenyl Enr —689.827 98 —689.811 99 0.435
Eccso —692.249 02 —692.234 62 0.392
Ecorr —2.42105 —2.42262 —0.043
SAE” ~0.24375 ~0.24594 —0.059

B AEn=4X AEQNC+ 2 X AEQMO . .
P AE o =8X AEXMO+ 4x AEX™MO . .

The impact of electron correlation on the energetic pref-  An idealized, planar structure of the polymer is assumed
erence of the tilted structure is little;0.023 eV for biphenyl  here, having in mind a packed crystalline structure of PPP.
and —0.043 eV for triphenyl(a tenth of the corresponding Yet, by also considering some tilted structures, it could be
HF values. As expected, the correlation energies of the tilteddemonstrated that the steric repulsion of the CH bonds in
structures are smaller than those of the planar ones, in lingrtho-position of the phenylene rings has little effect on the
with the increased H-H distance which amounts to 1.689 andverall correlation energy of PPP and that these effects are
1.947 A, respectively. additive and well localized on the involved CH bonds, i.e.,

~ In the incremental method, the correlation energy ismost of the conclusions derived for the planar structures are
given as a sum of individual energy increments of decreasmgqua”y valid for the tilted structures.

importance. Within this scheme the difference in the correla- e first applied the conventional incremental method
tion energy of the tilted and planar structure should mainly\/ariant |) to PPP, which is based on using individual, local-
result from contributions of the directly interacting CH ;04 hong orbitals as local units. It turns out that the quality
bonds in o?tLE,hO position. Thus, t.he one-body energy INCTeSt the approximated correlation energy of the system
mentsAEc_ and the nearest neighbor two-body energy In'strongly depends on the more or less “subjective” selection
of the energy increments. Moreover, the convergence of the

crementsAE2™® . ., are summed up and compared to the
directly calculated correlation energy differences in Table V. . .

. o Cenergy increments is found to be rather slow and the number
And indeed, it is found that, for both molecules, the energetic_, . . .
of increments to be taken into account remains ldegg., 60

differences between the planar and the tilted as estimated thcrements for benzene and 123 for biphenyl to reach about
the most important energy increments are in the same order h it 0 be i trast with ¢
of magnitude as the directly calculated ones, confirming th % accurac;y These resu S_§§em 0 beIh confrast with mos
assumption that the effect of electron correlation on the sterit(,)f the earlier observatiod gnd may be. related to the
repulsion is essentially confined to the two involved CHP'®€S€Nce of a_strongly delocahze:dsysterp n PPP"'

bonds. This is corroborated by the fact that none of all the In_fact, gong ba_ck to the very early proneer _study of
other energy increments we have calculated for bi- and tri9ra@Phite with the incremental methi"_)?j_,a significantly
phenyl exhibit any noticeable structural dependence. In thi§COrer convergence of the-bond containing energy incre-
sense, all the results, which have been extracted from oJpents with the size of the graphite clusters was observed

incremental calculations of planar PPP, can be equally wefi€re. According to our experience much mardond con-
applied to tilted PPP. taining increments are necessary to reach full convergence,

e.g., the energyEc_c/c_c has to be taken into account
which would correspond t&; 5, in Ref. 30.
IV. SUMMARY AND CONCLUSION To overcome the drawbacks of Variant | we switched to
The incremental methd®3!is known to be a powerful @ second variant in which entire natural chemical subunits

tool to perform wave-function-based correlation calculationsPhenylene rings and the CC bridgese used as local units.
for large, or even infinite, periodic systems. It has been apIherefore, far less group increments had to be considered
plied to many different structurally simple compourids>?  (e.g., only six for biphenyl Although in some cases the
The aim of this investigation was to find a way in which the individual constrained CCSD calculations take much longer
incremental method can also be applied to chemically moré Variant I, all over this variant was found to be substan-
complicated systems. Pdpara-phenylene(PPP, a techni- tially more efficient(by a factor of 4, roughly Also the
cally very important, semiconducting, aromatic polymer with achievable accurac{0.02 eV per @H, unit which is about

a delocalized conjugatest system was chosen for that pur- 0.1% of the full correlation energys prior to that of variant
pose. I where it becomes computationally very demanding to go
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