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SUMMARY: Ab initio and density functional theory calculations carried out on linear and dendritic polyace-
tylenic (PA) oligomers of different size showed that acetylenic dendrimers are less stalietisPA oligo-

mers and that the instability increases with molecular weight reflecting the strain in crowded hyperbranched
structures. However, the energy difference between linear and dendritic structure is rather small and tends to
a limit with molecular weight. Twisting of the double bonds decreases the conjugation in hyperbranched PA
compared to lineatrans-PA. However, the conjugation though less effective thatmans-PA is extended up

to the 4" or 5" generation of dendrimers. It was shown that bromine end groups strongly affect the electronic
properties of acetylenic dendrimers decreasing even more the conjugation due to the sterical hindrances,
however, highly polarizable bromine atoms reduced significantly the adiabatic potentials of ionization to be
very close to that fotrans-PA oligomers.

Introduction Schemel: A routeto hyperbanchedpolyacetylee

Hyperbranched polymers obtained from Afgpe mono- /:/J,Br
= L\HBF PA(TPP), /:CC:\H
|

of hyperbranched polymers are the high solubility com-" _—
pared with their linear analogues and the high concentraB TPP, Cul
tion of end groups even for high-molecular-weight poly- ; Br "
mers. It is also known that the polyconjugated polymers B i
which show conductivity and non-linear optical proper- 2 3
ties are mostly insoluble unless they contain long alipha- TPP - Triphenylphosphine
tic spacers. These spacers deteriorate the polymer proper-
ties related with the conjugation and interchain interac-
tions such as conductivity, non-linear optical properties
etc Fully conjugated hyperbranched polymers are atronic structure of conjugated hyperbranched polymers
alternative to conjugated polymers with long aliphatiand their importance for application properties as their
spacers. They should combine solubility with high conpotentials of ionization (IP) and energy gafs,)( how
centration of conjugated units. The present authors hatieose values depend on molecular weight and the nature
recently reported the synthesis and molecular modellingf end groups, and how they are related with those prop-
of fully conjugated hyperbranched polymers obtained bgrties of linear analogues. This paper is devoted to a com-
Pd-catalyzed cross-coupling ¢f f-dibromo-4-ethynyl- parative theoretical study of hyperbranched and linear
styrene. The polymer was soluble in hot chlorinated ardranspolyacetylene (PA) as simplest representative of
matic hydrocarbons, showed, of 70000 and exhibited conjugated hyperbranched polymers using semiempjrical
strong photoluminescente Molecular modelling of ab initio and density functional (DFT) methods.
poly(p,p-dibromo-4-ethynylstyrene) at AM1 level of the- Five generations of acetylenic dendrimers shown in
ory showed that conjugation in the polymer is partiallyFig. 1 were studied as idealized models of hyperbranched
disrupted by twisting of the benzene rings. PA molecules at the different stages of growth. The
Hyperbranched PA can be generated by the Heck reagspective bromine-terminated acetylenic dendrimers up
tion according to the Scheme 1 starting from 1,1-dibroto the 4" generation were also examined to clarify the
moethylene I). The resulting hyperbranched PA will con- effect of bulky and polarizable bromine terminal groups
tain bromine end-group&). The bromine end groups canon geometry and electronic properties of hyperbranched
be replaced with hydrogen by the treatment of Br-termiPA. In order to compare the electronic structure of hyper-
nated hyperbranched PA with Pd(TRR) produce hyper- branched PA with that of the linear analogue, the geome-
branched PA with hydrogen end groug).( try optimization and single point energy calculation were
Although a few theoretical studies of dendritic mole-carried out also fotrans-PA oligomers corresponding to
cules have now appearedlittle is known about the elec- the respective dendrimer generatidum( —Lin-5).

mers are attracting increasing interest. Some advantages PdCl,
I = H
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Fig. 1. Studieddendriticandlinearacetylenicoligomers

Methods

All calcultions were performed using GaussiarB4%;
initial geometriesvere generatedising CS Chem3DPro
Version 4.0 after preliminary optimization with MM2
force field”. First, the geometies of Linl, D1 and D2
molecukswere fully optimisedat PM3, RHF/3-21G and
B3LYP/3-21G levels of theay andtheresultswere com-
paredwith oneanotherandwith experimenmal dataavail
able for Lin119. All metods reproducedbond lengths
and angles for Lin1l within 0.01-002A and 1°-2°,
respectivey, giving very similar resultsfor the rest of
molecukstested.The PM3 modelHamiltonianwascho-
senfor the geomety optimization asthe computatianally
lessdemandng alterrative.

Including electron correlation is very important for
accurae modelling of polyened?, therefore the Becke
threeparameterhybrid (B3) exchangefunctionalin com
binationwith the Lee-Yang-Parr(LYP) correhltion func-

tional (B3LYP)? with split valencebasisset(3-21G)was
used for single point enegy calcdations. It has been
shown that the B3LYP single point enegy calculdions
run at PM3 or AM1 optimized geometry have better
mean absolutedeviationfrom experimentthan the Har-
try-Fock basedmethods?. The vertical ionization poten-
tials (IP) were calcuatedasthe negativeHOMO enegies
taken from RHF/3-21G singe point enegy calculatiin
accoding to Koopman's theaem™ sinceall DFT meth-
ods give negativeHOMO enegiestoo low comparedto
experimental IPS. However B3LYP HOMO-LUMO
enegy differencesgave excitation enegies (enegy gap
(Eg) in goad agreementwith experimenal valuesdueto
pattial cancelation of the particle-rumberdiscantinuities
in the exchangecorrelaton functional associatd with
IPsandelecton affiniti es?. AdiabaticlPswere obtained
as B3LYP enepy differencebetweencation-radcal and
neural molecule calculted at PM3 optimized geane-
tries.
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Fig.2. PM3optimized geometrieof D5 andBrD4 dendriticmolecules

While the ground state geomety of linear transPA,
the planarzig-zagcentrosynmetic chain®, is well estab-
lished, this is not the casefor hyperbranched?A. When
the geomety of large acetylenic dendrimersis optimized
startingfrom arbitraily choserstructuresit is very possi-
ble thatdifferert local minima will belocated which may
hamperthe comparisonbetweendifferentdendrimer gen-
erations.To minimize this problemthe optimizedgeome-
try of the dendrimer of n generatbn wasobtainedby the
replacirg termimal hydrogen atoms in the optimized
structure of dendrimer of n—1 gereration with vinyl
groups followed by full minimization of the obtained
structurefirst by MM2 andthenby the PM3 method A
similar procedue wasappliedto bromineteminatedoli-
gomersBrD1-BrD4. In addtion, to estimatethe effect of
conformaion on the electonic structureof derdrimers,
severalmolecular dynamt cyclesfollowed by geometry
optimization with the PM3 method and a single point
enegy calcdation at B3LYP/3-21G and RHF/3-21G
levels of theory were run for D2 and D3 molecuks. A
newimplemertation of Norman L. Allinger’s MM2 force
field basedn large measureonwork doneby JayW. Pon-
der of Washingtam University, incorporatedin the Chem
3D Pro4.0 program wasusedin molecubr dynamic cal-
culatiors”.

Resultsand discussion

Fig. 2 showsoptimizedstructuresof D5 andBrD4 mole-
culesasthe largestonesin this study. In all casesthere
was no clear evidenceof bond lenghs’ changewith the
dendrimergeneraibn number The lenghs of the formal
doublebondswerebetweenl.33 A for theouterand1.35
A for inner layersof the dendrimer while the lenghs of

the formal singe bondswere betweenl.46 and 1.47 A
for D1-D5 molecules. This wasvery closeto thoseof lin-
ear acetykenic oligomess (terminal C=C 1.33 A, inner
C=C 1.34A andC—C 1.45,&). In asimilar mannerin all
bromine-teminated denditic molecules the lengths of
outer and inner double bonds were 1.32 and 1.35 A,
respectively, while the lengthsof the formal singe C—C
and C—Br bondswere in the rangeof 1.46-1.47 and
1.86-1.87A, respetively. In addition, thebond angksin
the denrimersdid not showany tencencyto charge with
the generatbn number Bearing this in mind it follows
that in spite of the crowded architectire of the dendri-
mers,especally thosewith bromineterminal groups,the
molecules were essatially not strained. The effect of
molecular weight of D1-D5 dendrimerson their relative
stablity can be estimated from the differene between
total enegiesof adendrimerandtherespectie linearoli-
gomer Fig.3 shows AE = (Es — E)/N values plotted
aganstN, where E; is the total RHF or B3LYP enepy of
D1-D5, E is the respectie totd enegy of linear oligo-
mer of the sameformulaandN is the numberof carbon
atomsin the malecule. As coud be expeced the linear
trans-PA chan is more stable than branchedstructures
and AE increaseswith the malecular weight. The differ-
encein stablity is, howe\er, rathersmal. Both RHF and
B3LYP methodsgavethe enegy differerce betweenlin-
earanddendrtic structure not to exceed3.5 kcal/md C
atoms.Moreower, asseenfrom the Fig. 3, AE tendsto a
limit with molecubr weight, being almostthe same for
D3, D4 andD5. Theseresultssuggestthathigh molecula
weight hyperbrantied polyacetylene should be rather
stabk andnot excesstely strained

Tab.1 showscalculged IPs and Ey's for all molecues
shown in Fig 1. A goodagreenentobseved betweercal-
culated andexpeaimentally determined vertical IP andEy
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Fig.3. AE = (Es — E)/N plotted againstN, where E; is the
total RHF or B3LYP enegy of D1-D5, E; is the respectiveotal
enegy of linearoligomerof the sameformulaandN is the num-
berof carbonatomsin themoleaile

availablefor Lin 1 andEy's for Lin 2 andLin 5 molecuks,
respectivey, shows that the level of theay chosen for

modellingis adequateBoth oligomerseries,D1-D5 and
BrD1-BrD4, follow the same trend as linear trans-PA

oligomers(Lin 1-Lin5). Both E;'s and IPs decreae with

molecubr weight dueto the expandimg of the conjugaéed
systemtendingto a limit for high-molecularweight den-
drimers. Experimentaly found Eg for trans-PA (1.9eV)

agreeswell with that calculated for Lin5 (CiadH129)

(1.94eV) allowing us to extramlate Ey's for the dendri

mers of the D and BrD seies with infinite molecukbr
weightto 3.30-3.25and 3.55-3.50eV, respectiely. As
seenfrom the Tab.1, Ey's andvertical Plsof D andespe-
cially BrD seriesdendrimes are constantlyhigher than
thoseof transPA oligomers. This reflects the twisting of

conjugaed double bonds in the dendrmers, which is
especidly notablefor derdrimersof the BrD series due
to large bromineterminal grougs.

While in linear polymers the number of termiral
groups per repeat unit tends to zero with molecubr
weight not affecting propertes of high-mdecularweight
polymers,the situaion is conmpletely differert for hyper-
branched polymers. The polymeriation of AB, type
monomerleadsto a hyperlranchedpolymer similar to
dendrimes of the BrD serieswherethe numter of term-
inal groups per repeatunit appro@hesl not 0 with mole-
cular weight thus affecting the properties of the hyper
branchedpolyme. The effect of terminal brominegroups
on the electroric propertiesof hyperlyranchedPA canbe
clearly seenfrom Tab.1. While the vertical IPs of BrD
dendrimes are constantlyhigherthanthose of D dendr
mersdueto steric hindrancedor conjugaton causedby
the bromine atoms, the adiabaticIP’s are significantly
lower for bromine containing dendrimersandvetry close
to thoseof linear trans-PA oligomess. All other things
beingequal the vertical IP reflectsthe conjugaton in the
neutralmolecule while the adiabaic IP alsoaccounts for
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Tab.1. Calculatel enegy gaps(E,), vertical (IP,) andadiabatic
(IP,) ionization potentids (in eV) of linearanddendriticacetyle-
nic oligomers

Com- Formula Eg® P, IPY  IPZ®  ES®
pound
eV
Linl CeHs 471 791 7.66 8.29" 493
D1 CeHs 5.26 8.43 8.13 - -
BrD1 C¢HBr, 5.02 8.84 7.59 - -
Lin2 CiHis 3.06 6.69 6.06 - 3.18
D2 CiHis 3.97 7.55 7.09 - -
BrD2 CyHeBrg 4.25 8,51 6.89 - -
Lin3 CsoHs2 2.32 6.20 5.07 - -
D3 CaoHs2 3.76 7.41 6.89 - -
BrD3 CzHiBrig 3.72 8.29 455 - -
Lin4 CeoHea 2.03 6.02 - - -
D4 CeHss 3.32 7.03 5.55 - -
BrD4 CgHzBrs, 3.60 8.24 - — -
Lin5 CpdHize 1.94 5.96 - - 17-1.9
D5 CudHie 3.30 6.87 - -

¥ Bandgapcalculatel asHOMO-LUMO enepy differenceat
B3LYP/3-21G/PM3level of theow.

®  Vertical ionization potential calculatedas negative HOMO
enegy atHF/3-21G/PM3level of theory

9 Adiabdic ionization potential calculated as difference of
total enegies of cationradical and neutal moleale at
B3LYP/3-21G/PM3level of theow.

9 Cf.refl®

o Cf.refl?

D Cf.refl®

9 Cf.ref!®

therelaxationof moleculargeomety andelectrondensity
distribution following the ionization process Fastioniza-
tion prodwcedby a photonimpactwhennucleusandelec-
trons hawe no time to relax follows the vertical mechan-
ism, whereasthe ionization related with slow electra

transfer (chemical oxidation) is an adialatic process
Fig. 4 shows total atomic Mulliken chageswith hydro-
gers summedinto heavy atomsfor neutral and ionized
D1, BrD1 D2 and BrD2 molecules,resgectively, calcu-
latedat B3LYP/3-21G level of theoryafter full geometry
optimization with the PM3 method. In the cas of BrD1

and BrD2 cation-radicals, 72% and 74% of postive

chage,respetvely, is stablized atthe expeng of highly
polarizablebromine terminal groups thus explaining the
reduction of adiabaticlP for BrD1 compare with D1.

This also holds for other dendrimergeneations. It is
known thatdopingof conjugatedpolymerswith oxidizing
agens, leadng to a drasticincreasein conducivity, con

sigs in electrontransfe from a polymer to an oxidant.
trans-PA shows the highest condugivity in the doped
stateamongall conjugatedpolymerg®. Bearing in mind
the low adiabaic IP’s found for Br-terminated hyper

branchedpolyacetyenic oligomers,hyperbrantied PA 2
with terminal Br-groups may combire solubility with

high conduclvity in the dopedstate.It is notewortly that
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Fig.4. Total atomicMulliken chageswith hydrogenssummael into heavyatomsfor neu-
tral andionized D1, BrD1, D2 andBrD2 moleculesat B3LYP/3—-21G level of theoryafter
full geoméry optimizaion with the PM3 method

the ionization of the dendrimerleadsto someflattening
of themolecue. Thisis especidly pronaincedfor theD1
molecuk which becomesconpletely flat on the ioniza-
tion. The flattening of the molecuk in the cation-radical
form allows betta stabilizaton of the excesste positive
chage.As aresut of adecreasén numberof bonding 7t-
electrors in cation-radcals the formal dowble bonds
becomelonger by some0.05-0.06A while the formal
single bonds shortenfrom 1.47-1.46 to 1.42-1.43A.
The observeddeceasein the bond lengh alternaton in
cation-radcals could be attributed to the more efficient
conjugaton favoured by the geomety chargesinduced
by theionization.

As alreadynoted,whena large molecule is optimized
variouslocal minimaarelocatd dependig on the initial

geametry In the optimization of large denditic mole-
culesthisis justthe case. To examne how calcukitedEy's
andIPsdependon the corformation, moleculardynamics
calcdations were run for D2 and D3 molecuks and the
resuts arelistedin Tab.2. After each100psrunthegec
metry wasoptimized first by MM2 andthenby the PM3
method followed by RHF/3-21G and B3LYP/3-21G sin-
gle point enegy calculaionsto estimatethe total enegy,
E, andvertical Pl of the corformer. As seenfrom Tab.2
the initially locatedconformers of D2 and D3 are local
not global minimain the confamationalspaceaccordiry
to bothRHF andB3LYP calculdions.However while for
D3 3 out of 8 located corformerswere more stablethan
theinitially foundone (using B3LYP resultsasmorereli-
ablg in the caseof D2 dendrimeronly 1 out of 8 was
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Tab.2. Moleculardynamic simulaion results for D2 and D3 molealles. (The simuldions were carriedout at 273 K, a heatirg
rate,from 0 to 273K, of 1 kcal/(fs- mol of atomg, andatime stepof 2 fs)

Run Time D3 D2
in ps
|Pva) Egb) AERHFC) AEB3LYPd) |Pva) Egb) AERHFC) AEB3LYPd)
eV kcal/mol eV kcal/mol
0 0 7.41 3.76 0 0 7.55 3.97 0 0
1 100 7.65 4.15 2.17 2.56 7.87 4.58 -5.08 -0.97
2 200 7.65 4,12 -9.23 -7.27 7.91 4.43 -1.01 4.81
3 300 7.55 3.99 2.52 0.89 7.56 452 -4.99 1.09
4 400 7.61 4.22 0.07 0.12 7.94 4.38 -1.62 2.28
5 500 7.70 4.10 -10.13 -7.53 7.91 4.55 -5.69 1.45
6 600 7.40 3.98 -4.43 -5.23 7.83 4.25 8.10 11.90
7 700 7.21 3.75 3.55 0.87 7.42 3.77 4.09 2.78
AEn2® 0.49 0.47 - - 0.52 0.81 - -
Mean 7.52 4.00 - - 7.75 431 - -

¥ CalcuatedasHOMO enepgy at RHF/321G//PM3level of theory
b CalcdatedasLUMO-HOMO enepy differenceat B3LYP/3-21G/PM3 level of theory
9 Total enepgy differencecalculatel at RHF/321G//PM3level of theorybetween startingconformer andthat of the correspondig

run.

9 Total enepgy differencecalculata at B3LYP/3-21G/PM3 level of theorybetween startingconformer andthat of the correspond-

ing run.
® Dispasionof PlandE,.

0.97 kcal/mol more stablethaninitially located. It is due
to the adgopted building conceptthat for low-molealar-

weightdendimersthe mimima closerto the global mimi-

mumwerelocated.As canbe seenthe dispersimsin E;

andIP deceasesignificantly from D2 to D3. This is due
to the fact that in high-molecubrweight derdrimersthe
majority of available conformationsshowaboutthe same
conjugaton owing to the averajing effect of the great
numberof atomsresultirg in similar IP’s andEy's. More-
over, thereis a goad correldgion betweenmean|Ps and
Ey's shown in Tab.2 and those calculted initially. On
this basisthe dataof Tab.1 obtainedfor higher gerera-
tionsof dendrimes shouldbe consideed asreliable

Conclusions

Total enegies of the D seriesof acetyenic dendrimers
calculged at both RHF/3-21G and B3LYP/3-21G levels
of theay are higherthanthoseof linear trans-PA oligo-
mersandincreasewith molecularweightreflectingstran
in the crowded hyperlranchedstructure. Howeve, the
enepgy differencesdetweerlinearanddendrtic structures
arerathersmall and do not exceed3.5 kcal/mol C atom.
Moreove, the differencetendsto a limit with molecula
weight, being almostthe samefor D3, D4 and D5. This
suggest that high-moleculrweight hypertranchedpoly-
acetylsme shodd be rather stable and not excessivet
strained.

Twisting of the dowble bondsdeceaseghe conjugation
in hyperbraghedPA comparedto linear trans-PA asfol-

lowed from calculaed Ey's and vettical Pls constantly
higher for hyperbrarched PA oligomers than those for
trans-PA ones. Howeve, the corjugation though less
effective thanin trans-PA is exterded up to the 4" or 5"
gererationin derdrimers.

Bromine terminal groupsaffect strongly the electronic
structureof hyperbrarchedPA. Ontheonehandthe bulky
bromine atoms deceaseeven more the conjugation in
bromine-teminatedacetyknic derdrimersdueto sterical
hindrancesas followed from calculded Eg's and vertical
PI's constantly higher for BrD series dendrimers than
thosefor the D saies. On the other handhighly polariz
able bromine atoms reducedsignificantly the adiabatic
IP'sto bevery closeto thatfor trans-PA oligomess.
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