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Second-order nonlinear optical coefficient of polyphosphazene-based
materials: A theoretical study
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The second-order nonlinear optical coefficient of polyphosphazene oligomers of increasing size has
been determined by usirap initio methods taking into account electron correlation and frequency
dispersion effects. The calculated first hyperpolarizability per unit cell converges rapidly with
respect to chain length. It attains an amplitude of about one-third of the one of classical push—pull
systems. This amplitude can be strongly increased by replacing the nitrogen of the backbone by
silicon. The effects of the side groufld, CH;, F, CI, Br, and OH on the first hyperpolarizability

have been investigated as well. The different results have been rationalized in terms of alternations
of bond lengths and atomic charges. 2004 American Institute of Physics.

[DOI: 10.1063/1.1691398

I. INTRODUCTION Other prototype AB compounds have been studied previ-
ously and, depending on the nature of A and B, very different

PolyphosphazerfPP, -(PB=N)ywhereNis the num- 5 ) ;05 have been obtained. In linear boron nitride chains,

ber ?f unit (t:e”? almd itsfderlivative gre tt)eciﬁming'cc:ne of the he quantity of interestfor measuring its efficiency as a
st e o e o SALO moleci,epore o e size o e chaip) s
! ) L Close to zero for the macromolecule due to a nearly zero
fields; for example, to build proton-exchange membrane fo ; B .
fuel cells, to deliver drug in a controlled fashion or to design ond I;angth alternationAr =dg_ —ds_g) found in long
flame retardant materials. We refer the interested reader ghains.’ However, another AB polymer, polymethineimine
: - o MI,-(CH=NY),] is much more promising. Indeed, from
the Ref. 1 for a detailed description of the applications of P o . L T
as well as significant reference®ur focus in the present characterizations carrled. out ab initio levels taking into
paper is the nonlinear opticdNLO) properties exhibited by account electron correlatioiC) effects, we conclude_d that
PP and its derivatives. Allcock and co-workers measured ex- VI Presents aﬁ/7N value as large as the bestw-nitro,
perimentally the polarizability«)® and the first hyperpolar- amino-PA chain$;’ i.e., much larger than cl_assmal push—pull
izability (8)* of PP. It was found that of PP is of the same COmpounds. For example, &N of PMI is one order of
order of magnitude as the one of polyeReg.of PP substi- magnitude Iqrger t.h'an the/N reported for the well-known
tuted on its sides by chromophore groups was found to b@-methyl-4-nitroaniline (MNA) monomef or for N-(4-
relatively small in the experimental conditions used in Ref.nitropheny}-(L)-prolinol (NPP.**° From our investigations,
4. In Ref. 4, a test has also been performed in order to assef@viewed in Ref. 11, it turns out that, qualitatively, a maxi-
the origin of the NLO responséchromophore groups or Mization of B is reached when a “good” equilibrium be-
backbong It appeared that the skeleton response is neglitween (electron delocalization and asymmetry is obtained.
gible. In the present paper, thgof the PP backbonésub- ~ This could be related with previous works of Marder and
stitued or notis investigated with theoretical tools, in order Brédas on the NLO properties of push—pull molecufes.
to rationalize the conclusions of Allcock and explore pos-Such delocalizability—asymmetry equilibrium is difficult to
sible ways to increas@ by performing various chemical attain. Indeed, delocalizability increases generally when
substitutions. As PP is an AB polymgfr(A=B),], i.e., a asymmetry decreases amite versabut both are needed in
polymer where all cells are both asymmetric and possessrder to obtain substantig values. To rationalize thg of
mobile electrons, it could present large NLO responsesAB chains,gis generally splitted into chain-end and unit cell
contributions, both being affected by the delocalizability of
dElectronic  address:  denis.jacquemin@fundp.ac.be;  URL: httIC,:,,the chain. Additionally, the unit cell contribution can be ana-
www.fundp.ac.b&jacquemd; Research Associate of the Belgian Nationallyzed in terms of nuclear alternatidA versus B and bond
b)II:E?:cdtrz)or:icSCier:(ijf(ijcreztz'searg:]i;/ier uinet@fundp.ac.be;  URL:  http:/ alternation (single vs dO-UbIe bon()l§3 Obviously large
Www.fundp.ac.be/rech.erche/pers.,gnnes/fr/NRO%OS'Ss.htmI; ﬁost-dof’[ﬁraﬁuc'ear and bond .alter.r.latlons correspond to.larg.e asymmetry
Researcher of the Belgian National Fund for Scientific Research. and small delocalizability; the opposite relation is also true.
“Electronic  address:  benoit.champagne@fundp.ac.be; URL: httpi/In the infinite chain limit the chain-ends do not bring any
www.fundp.ac.bébchampag; Senior Research Associate of the Belgiancontribution and both nuclear and bond alternations are re-
National Fund for Scientific Research. . . .
http/dUired to obtain a nonzerB. From model calculations per-

9Electronic  address:  jean-marie.andre@fundp.ac.be; URL: a
www.fundp.ac.be/recherche/personnes/fr/01000287.html formed on AB polymers? it has been concluded that these
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two alternations have to be quite small in order to obtain avhen dynamigs are considered. Indeed, within the harmonic
large macromoleculag, i.e., it is preferable to have small model, B8’ is decreased by a factor of three for the optical
asymmetry and large delocalizability rather than the reverseectification (OR) and electro-optic dc-Pockel&OPEB ef-
Nevertheless, if the bond alternation is large, an optighesl  fects whereag® is zero for the second-harmonic generation
obtained when the nuclear alternation is large as well. Thi$SHG) phenomenon. At HF level, statfg;, values have been
means that when delocalization is small, the larger the asyneomputed by the coupled-perturbed Hartree—FGERHP
metry, the larger thg8; whereas when delocalization is im- method implemented irsaussian 98 The dynamicg,
portant largeB prescribes smallbut nonzerpasymmetry. In have been obtained using a modified time-dependent
agreement with these findings, a maximization of thef  Hartree—FocK TDHF) approach—which employs direct in-
PMI (in which A and B are quite similarcould be obtained version in iterative subspace method to speedup the conver-
by a decrease of the asymmetfgnd an increase of the gence of the iterative procedure—implemeRtedin
delocalizability.'® As the nuclear alternation in PP is strong GaAMESs?® Density-functional theory(DFT) using conven-
(the electronegativity difference between P and N is largetional XC functionals can not be used to compgiebecause
than between C and )Nand as the presence of an actualDFT leads to a large overestimation of the NLO properties
double bond in the molecule is questionablg.e., electrons ~ for extended compounds. For example, SVWN and B3LYP
of PP are not very mobijeit can be expected that delocal- overshoot theB, of push—pull oligomers by an order of
izability is the limiting factor of$ in unsubstituted PP as in magnitudé’* Consequently, the dynamic EC effects have
PMI. been computed within the Mgller—Plesset level of approxi-
To our knowledge, the only previous theoretical investi-mation. At this level, statig3, has been evaluated by using
gation of thep of PP, is due to Chandra Jietall’ In Ref.  the numerical finite-field procedure. We refer the reader to
17, the authors used a semiempirical FCI/RRiR configu-  Ref. 5 for a complete description of this procedure. Dynamic
ration interaction/Pariser—Parr—Popleapproximation to MP2 B, have been estimated by using the multiplicative
evaluate the properties of short all-trans PP oligonfifzcsn ~ approximation pldynamic,MP2) g(dynamic,HF)g(static,MP2y
the trimer N=3) to the hexamerN=6)]. In the present  BQISHF) This approximation is known to be efficient when
paper, the evolution wittN of the 8 of short- and medium-  B(S@ICMP2) gnd g(staicHR) gre similaf® which is the case for
size(up toN=16) PP oligomers is investigated by using EC PP(see Secs. IlI B and Il € Note that the total EC correc-
ab initio approaches. This allows efficient extrapolation totion can be splitted into two different contributions. On the

the polymeric values. one hand, EC modifies the electronic structure and has an
direct impact ong3, . On the other hand, the change of equi-
I. COMPUTATIONAL DETAILS librium geometry has indirect effect og_ . Both effects

I_(:ould be large and their relative importance depends strongly
on the molecular structure considered. For example, in para-

1. The ground-state geometry of each oligomer has beeﬂ'tm;nlll_';'e’ ealch effect mcreasﬁh by b 50%: btained b
determined by optimization of its structural parameters with - 'N€ pOlymeric response nas been obtained by ex-
the GAUSSIAN 98 program:® The optimizations have been trapolat!ng the ol|gomer_|c valu_e;._ In order to carry out ex-
carried out up to a point where the residual forces are Iowepapo_latlonl\?, fn alﬁTit'V? deflnlrlon gf Erh? pgr ft_m_? cell,
than 10 ° a.u. The only constraint was to keep the backbone® AL = Al )t ’?Lt(h h) 1S er:;p ?fyet 3 it IIS 3 mtl lon fre-t
planar(see Sec. lll A. These optimizations have been per- MOVes mos Oth € ?Naln Zn " eftects: e? Stho a faster
formed within ab initio levels of approximatiorfHartree— convergence L anB, and It converges fo fhe same
Fock (HF) and second-order Mgller—Plesset scheme?symptouc limit (N_’.oo)' Our fitting progedure allows o
(MP2)]. After geometry optimization, each oligomer has obtain AB (<) and its standard deviation. We refer the

been oriented in the Cartesian frame such that the Iongitudf—eader to Ref. 27 for more details. In a recent work, Gu and

8 . .
nal axis passes through the center of first and last doubl(éo'Worker§ have shc_an that for PM.I’ with a fixed geom-
(P—N) bonds of the skeleton etry close to the optimal one, the differences between the
' A B, (°) obtained by our scheme and the one obtained by the
nent of the 3 tensor (3,) dominates the totaB (Ref. 19 crystal-orbital approach are smaller than 3% and that such

answer for sufficently long chains. For example, For: 14 extrapolation method tends to underestimate the error bars.

the B, evaluated at the HF/6-3F@HF/6-31C level [the To close this Section, the reader is reminded that the
usuaILconvention for describing the computation method ié:)resent theoretical calculations face the usual limitations,

used: Method for evaluating//scheme for optimizing the €., t?ﬁ nehgl_ect of te_r;pe?ture_ar}dtp(rjessgre efffec;:lts. Molre-
geometry is three times larger than the next larger compo-z\é%r.’t. ef ?IZ‘?’ const Izreb are 1so %? an t'pert.ec )t/hregu ar.
nent. For this reason, we only focus on this longitudinal onal studies would be required 1or estmating the 1m-

component in this papepB, has been calculated on the op- pact of disorder and/or medium effecfs.
timized geometries with variouab initio methods. The vi-

brational contribution tg3 (8¥) has not been calculate@’ IIl. RESULTS

could make an important contribution to the total stafic
values in conjugated systefrf$"?but its practical determi-
nation at EC level remains difficult for extended oligomers.  The geometry of polyphosphazene and of its halogeno
Moreover, the relative importance @ strongly decreases derivatives is a well discussed problem in the litteratisese,

The calculations have been performed by using the fo
lowing procedure:

2. In quasilinear chains like PP, the longitudinal compo-

A. Geometry and charges
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g oH HoH HoH by Sun(5 kcal/mol per unit cejland the fact that solid-state
/ / , effects generally tend to transform helicoidal structures or
H— N—~F x—7% N—H molecules which slightly deviate from planarity into planar
\\ / \ // \\ / systems.
N__;P N__;P N___:P One of the most important geometrical descriptors for
F;\}{ E\H ﬁ\H NLO applications is theAr which is the bond alternation

parameter discussed in the Introductiélable | gives the
FIG. 1. Sketch of the polyphosphazene oligomers studied in the presenhr obtained at the center of PP oligomers investigated at
work (N=6). various level of theory. Thé\r obtained for PP oligomers
are smaller than in polyenes: FNr=8, the Ar of PP (poly-
ene$ is 0.023 A (0.070 A% at the MP2/6-3116 level.

for example, Refs. 16 and 30, and references ther&ior . 7S
P P un® using DFT, found a similaAr value forN=8 (0.024

this reason, the topic was not investigated in details, but tes - i
have been carried out on short chaifs<2 andN=4) with ) but assumes that thér is converged for thitN. On the

the MP2/6-311 scheme to confirm or deny the conclusions cOntrary, theAr is still decreasing a=8. We have carried

of previous works. It is now accepted from both theoreticalUt €xtrapolations of thér up to the polymeric limit by
and experimental investigations that the trans-cisoid confordSSuming exponential decrease/nf. Within this assump-
mation (sketched in Fig. XL is significantly more stable tion it turns out that HF/6-31GAr is predicted to be around
(about 10 kcal/mdf) than its all-trans analog. Our findings 0-004 A for the polymer. We also note that tis value is
confirm this statement, the trans-cisoid tetramer is mor&/€ry different from the one chosen by Chandra &tal.
stable than the corresponding cis-transoid and all-tran€0.22 A for all oligomers during their NLO calculations!
forms3! Consequently, in the present study, the planar transErom the methodological point of view, we conclude ttiat
cisoid conformation has been selected. In Ref. 16, Sun raisé@t31G underestimates thar (strongly at HF level (i)

the issue of the actual planarity of the trans-cisoid chains6-31G" and 6-311G provide very close resultalways
Indeed, using density-functional thedi®FT), he found that ~ Within 2x 107 A): a double¢ basis set is sufficientjii) the

the backbone of the trans-cisoid conformers slighitlyl0  results are almost unaffected by the addition of polarization
degreesdeviates from planarity. However, at MP2/6-3#1G functions on the hydrogens. For example, fveof N=6 is
level, trans-cisoid conformers appear to be planar: Starting.033 A at the MP2/6-311% level, i.e., the same as at
with a geometry of the conformer distorted with angles cho-MP2/6-311G level, (iv) when polarization functions are
sen from Sun’s paper, the tetramer conformation “goesused, the differences between HF and MP2 geometries are
back” to planarity®> In addition, there is—to our small: HF/6-31G looks, therefore, like a good compromise
knowledge—no experimental proof of the nonplanarity of (accuracy/cpu-timefor obtaining the ground-state geometry
PP. This is consistent with the small energy differences foundsee also Secs. IV and)MHF Ar are smaller than MPAr

TABLE I. Bond length alternatioid) and charge alternatioi) for trans-cisoid polyphosphazene of Fig. 1. All
values have been taken at the center of the chains. For the charge alternation, the same methodology is used to
compute charges and obtain geometry.

Bond length alternatiomr

N HF/6-31G MP2/6-31G HF/6-31G  MP2/6-31G HF/6-311G MP2/6-311G
2 0.022 0.039 0.061 0.059 0.061 0.058
4 0.018 0.029 0.042 0.044 0.041 0.043
6 0.014 0.024 0.030 0.034 0.029 0.033
8 0.010 0.020 0.021 0.025 0.019 0.023

10 0.008 0.018 0.016

12 0.006 0.012

14 0.005 0.009

16 0.004 0.008

18 0.004

20 0.003

Charge alternationAq

N HF/6-31G MP2/6-31G HF/6-31G  MP2/6-31G HF/6-311G MP2/6-311G
2 2.295 1.887 1.914 1.549 2.009 1.635
4 2.576 2.094 2.042 1.671 2.171 1.834
6 2.564 2.082 2.018 1.646 2.153 1.767
8 2.565 2.081 2.014 1.646 2.155 1.768

10 2.564 2.080 2.010

12 2.565 2.008

14 2.564 2.007

16 2.565 2.006

18 2.565

20 2.565
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TABLE II. Basis set and geometry effects on the longitudinal static first hyperpolarizability of trans-cisoid polyphosphazene chains. 1Ba.u. of
=3.2063 10 C*m*® J 2=8.641 10 **esu.

Geom=RHF/6-31G

GeorrMP2/6-31G

N BlHF/6-31G BIMP2/6-31G BIMP4/6-31G BHF/6-31G BIMP2/6-31G BIMP4/6-31G
2 54 32 35 68 32 38
4 265 231 262 293 188 232
6 584 593 598 415
8 989 1123 985 775
Geom=RHF/6-31G Geom=MP2/6-31G
N B[HF/6-31G ] BIMP2/6-31G ] BIHF/6-31G ] BIMP2/6-31G ]
2 9 1 12 3
4 64 55 58 39
6 174 217 157 175
8 319 455 298 397
Geom=RHF/6-31G* Geom=MP2/6-31G*
N BIHF/6-31G™ ] BIMP2/6-31G* | BIHF/6-31G™ ] BIMP2/6-31G* |
2 9 -1 13 4
4 66 57 59 41
6 178 225 160 179
8 328 471
Geom=RHF/6-311G Geonm=MP2/6-311G
N BIHF/6-311G ] BIMP2/6-311G | B[HF/6-311G ] BIMP2/6-311G ]
2 —-12 —-33 —-13 —33
4 60 38 52 25
6 195 233 181 203
8 367 508 353 470
Geom=RHF/6-311G* Geom=MP2/6-311G*
N BIHF/6-311G™ ] BIMP2/6-311G* | BHF/6-311G* ] BIMP2/6-311G* |
2 -11 -31 -9 —26
4 64 45 59 35
6 204 248 192 217
8 383 531

for all basis sets, although it is the reverse in most conjuAq by 20% whereas 6-31Gand 6-311G values agree quite
gated systems, like polyeridor PMI.® well (~7% for N=6 and 8.

If Ar is a good descriptor of the bond alternation param-
eter (see Introductiop it is difficult to find a property that
significantly relates to the nuclear alternation. However, asB
first approximation, a simple descriptor could be used: The
difference of Mulliken charges on adjacent atothit. is the In order to draw correct chemical conclusions about the
charge alternationAq=qgP—q" measured at the center of structure—property relationships in PP and its derivatives, it
the chain. In Table I, we give th&q of PP oligomers com- is necessary to determine a suitable level of theory. Table I
puted with various methods. Theq obtained are in agree- compares the3, of small and medium-size oligomers ob-
ment with the charges calculated by S8 and N almost tained with various methods and geometries.

“exchange” one electron. Subsequently, tha are very The indirect(due to the geometry shjftmpact of EC is
large. Indeed, thé\q of the octamer of PMI0.750 at the relatively small. Indeed, foN=6, the variation of3, result-
HF/6-31G" level) is less than half of the correspondidgy ing from a HF-to-MP2 geometry shift ranges from 4% to
in PP. TheAq are converging much faster tham: They are  21% when polarization functions are included in the basis
almost constant providedM=6: The nuclear alternation is set. Moreover, this percentage tends to decreaseNviithe
less affected by the variation of chain length than the bondlirect impact of MP2 is largeffrom 11% to 43% when po-
alternation. In what concerns the importance of the level ofarization functions are usg¢dnd, more importantly, it in-
theory to be used, it appears th@j:HF overestimateAq by  creases witiN. This direct EC contribution should therefore
25%; (ii) the differences between HF and MR®gq are  be accounted for. From MP4/6-31G results, it seems that the
mostly due to the methodology, not to the geometry. IndeedMP2 correction tog, could be slightly overestimated, i.e.,
the MP2/6-31G Aq computed on the HF/6-3TGgeometry  that “correct” 8, value are between HF and MP2 results, but
(1.540, 1.579, 1.625, and 1.621 fde=2—8) are within 1%  probably closer to MP2. This was already noticed on PMI
to 6% of the full MP2 values; andii) 6-31G overestimates but, due to practical limitations, it is impossible to confirm—

. Choice of a computation method for g,
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TABLE lIl. Bond length alternatior(A), charge alternatiofe) and longitudinal static and dynamic first hyperpolarizability of trans-cisoid polyphosphazene
chains. All results have been obtained on the HF/623f€metry with the 6-31Gbasis setAq have been obtained with the MP2 approach. At the bottom
of the Table, thes values per unit cell of the polymer are givésee the text for more details on the procedure used to obtain these)values

0w=0.0 w=0.65 eV w=1.165 eV 0=0.0
N Ar Aq B[HF](0;0,0 BHF](— w;®»,0) BHF](—2w;0,0) BHF](— w;®,0) BHF](—2w;0,0) BMP2](0;0,0
2 0.061 1.540 9 9 9 9 8.3 1
4 0.042 1.579 64 64 64 64 66 55
6 0.030 1.625 174 174 176 176 182 217
8 0.021 1.621 319 321 325 325 338 455
10 0.016 1.617 483 486 493 493 514 734
12 0.012 1.615 657 662 670 671 701 p0i¢H]
14 0.009 837 842 854 855 894 1840
16 0.008 1020 1027 1041 1042 1091 160
AB(») 94+2 95+3 96+3 96+3 101+3 170+10

deny it for larger basis sets, on longer oligomers or withpolymeric value for PP, whereas such a percentage is only
higher-order EC methods. reached foN=18 in PMI® This rapid saturation illustrates
The 6-31G basis set overestimates strongbughly a  the lack of mobility of the electrons of PP. As the of PP is
factor between two and thre¢he B, of PP. Subsequently, small, this small delocalizability is principally due to the
this basis set can only be used for qualitative purpdses- large charge alternation. The fast saturation 28, (N)
ertheless, see Sec. IVThis deficiency of 6-31G does not makes it possible to obtain accurate polymeric values:
originate only from the incorrect geometry. Indeed, the HF/170+10 a.u.(static MP2.
6-31G (MP2/6-31Q B, obtained from the HF/6-31Gge- Frequency dispersion effects are weak for all chain
ometry of the octamer is 773.1 a.(Ll115 a.u), which is  lengths, even the SHG values computed with an incoming
quite different from the corresponding 6-31@, of 319 a.u. light of 1.17 eV energy are within 3%N=4) and 7% (\
(455 a.u). As for the geometry, the addition of a set of po- =12 to ») of the static values. To rationalize this, random
larization functions on hydrogens has a very little effect. Thisphase approximatiofRPA) calculations have been per-
prooves thatB, is mainly determined by the PP backbone formed to determine the excitation energies of PP. For the
not by the hydrogens, as could be expected. Finally, we notérst four oligomers N=2-8), it turns out that the first ex-
that the addition of a third valence shell in the basiscited state is 7.27.3 eV above the ground state and that the
(6-311G vs 6-31@3) has also a relatively small effect, pro- excitation energy is stable witk (variations are smaller than
vided N>4: It increases3, by about 15%. 1%). This explains the small dispersion effects with 0.65 and
As a consequence, the MP2/6-31F/6-31G" method  1.17 eV frequencies.
is found adequate to obtain a semiquantitafiv@0%) accu-
racy on theB, of medium-size and longer PP oligomers. As

this method also provides reasonable approximation to thep, — 200
geometry and chargdsee Sec. )| this technique is mainly :: e 9=065eV
used in the following. =
S <+ w=117eV

C. Amplitude of B, of the oligomers and polymer _.E 150

Table Il gives the results of our calculations on increas- g‘:
ingly long PP oligomers. During TDHF calculations, the &=
same two energief0.65 and 1.17 eYas in Ref. 17 have ==
been selected, they correspond to two traditional laser fre-E g 100 //
guencies. Figure 2 shows the evolution of dynat8¢&iG) a‘é Vi
MP2 B, per unit cell[AB (N)=p8.(N)—B.(N—1)] ob- é” =) /
tained within the multiplicative approximation. For &l| 8, » s
is parallel to dipole moment of the chain. The different Q B s
curves of Fig. 2 present a standard shape: A fast increas&;s
followed by a saturation to the polymeric limit. For short 2
chains, the power low exponeng¢NY) has been estimated E"
to bey=3.1 (MP2 value obtained foN=4 to N=8). The S 0
fact that there is neither fall-off ok 8, (N) or change of its 0 5 10 15 20
sign indicates that the chain-end contributiongfoare rela- Number of unit cells

tively small and probably parallel to the unit cell contribu- FIG. 2. Evolution with chain lenath of the longitudinal first h lari
. . . : _nitri . 2. Evolution with chain length of the longitudinal first hyperpolariz-
tion. This contrasts with PMt and linear boron-nitride ability (SHG) per unit cell[AB,(N)] of PP oligomers. These results have

. 5 . . .
chains? The curves in F!g. 2 saturate quickly. Indeed Mr  peen obtained at the MP2/6-3LEHF/6-31G" level of approximation by
=14, the MP2AB.(N) is already more than 90% of the using the multiplicative procedure.
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It is interesting to see that the stafi¢ curves computed ~TABLE IV. Bond length alternatioriA, HF/6-31G), charge alternatior,
at the HF/6-313//HF/6-31G and HF/6-31G//HF/6-31G MP2/6-31@) and static longitudinal first hyperpolarizabilitg.u) of trans-
. . cisoid X{PX,=N)X chains. These results have been obtained on the op-
levels are becoming parallel for medium-sNeBy extrapo-  imized (HF/6-31G) geometries.

lation to N— o, a ratio between the two methods could be

obtained for the macromolecule: 0.348.002%°As a conse- N Ar Aqg BIHF/6-31G°] BIMP2/6-31G ]

quence, one can use extrapolations of the 6-31G values and X=H

this ratio in order to obtain the 6-3*G\ 3, of the polymer. 2 0.061 1.540 9 1

Since 6-31G values are much cheaper to calculate, one can 0.042 1579 64 55

take advantage of longer chaifgp toN= 20 in this casgto ~ © 0.030 174 217

perform the extrapolations. The HF/6-31®alue obtained 0.021 X—F 319

in this way is (267+2)X(0.348-0.002=93*1 which is , 0.099 1.933 _o5 _8

consistent with the value obtained by direct extrapola-s 0.059 2.003 15 56

tion (94*=2). The same can be done for the 6 0.038 100 194

MP2/6-31G//HF/6-31G°  B.:  403+8x0.421+0.002 8 0.027 210

=170%3 in perfect agreement with 1700 but with better 0.053 1441 X=cl a4 61

accuracy. 4 0.049 1.511 219 275
Finally, the agreement between the values obtained is 0.035 385 562

the present study and the semiempirical results of Ref. 17 i§ 0.026 577

good for the 0.65 e\B, . Indeed, foN=4 (N=6), Chandra X=Br

Jha and co-workers obtained a dominant component t 8'8% i'%i 25(7) 322

B(—2w;w,w) of 30 (190 a.u. whereas we have 5320 at 4 0.031 ' 284 691

the MP2/6-313//HF/6-31G" level3® However, the 1.17 eV 8 0.022 712

values differ substantially: They obtained. (—210) a.u. for X=0H

N=4 (N=6) whereas we have 5828 a.u. They found that 2 0.042 1.925 —2 —7

depending onN and w, chains could be on either side of 2 :8'812 2.078 :;gg :ﬁg

resonance, whereasop=1.17 eV is still far from resonance g 0.017 — 460

in the case of our calculations. This is explained by the dif- X=CH,

ferences in excitation energi€3.7 eV for infinitely long PP 2 0.053 1.739 133 141

in Ref. 17 that could possibly be related to the geometry or# 0032 1.858 322 375

the parametrization of the Hamiltonian selected in Ref. 17.2 8'8?2 222 686

D. Addition of side groups

A way to increase the sma;, of PP could be to use N=8, the halogeno compounds have simifar indicating
side groups which tunAr andAq of the chain in a such a that this order may change for longer chains. A different
way that electron mobility is increased. As PP presents smabrdering is found forAq
Ar but largeAq, side groups that would decrease the latter
would be welcome. We have used different side grolibs OH>F>CH;>Br>H>Cl
CHs, F, CI, Br, and OHlin order to assess their influence on Only Cl is able to lowerA g while the variations between the
B. (Table IV). These side groups have been selected becaustfferent groups are relatively smaithe magnitude of the
they constitute models of experimentally used substituentgariations w.r.t. are within~30% forN=4).

(especially CJ. Each oligomer has been optimized with only The ordering of3_ strongly depends on the criterion
one constraint: The conformation of the P—N backb(ia-  selected: Stand-along, (Br>CH;>CI>0H>H>F), B,
nar trans-cisoid as previougly For the nonatomic side reported to the molecular weight of the molecule CH
groups(OH and CH), the geometries obtained correspond>OH>H>CI>Br>F), y, i.e., the power low exponent of
at least to one of the local minima but are not guaranteed t@><NY (H>F>OH>CI>Br> CH,).%" This illustrates the
be the global minima as different geometries would be rearelatively small overall impact of side groups ¢ . For

sonable for the side groups. N=6, the stronger variations are of the order of a factor of 3,
From Table IV, one can see that, fbfi=6 and 8, the less than one order of magnitude. Consequently, the chains

ordering ofAr is treated in Table IV are too short for determining the most
F> CI>Br>H> CHy>OH, efficient side groups for NLO applications on the polymer.

The only clear case is fluorine: It leads to less efficient NLO
with the most striking feature being the change of sighof  materials than unsubstitued PP. This can be related to larger
when OH groups are used. Aside from this exception, mosir and Aq obtained with F compared to H: Fluorinated
groups have a relatively small effect dm (the magnitude of chains present smaller delocalization and, therefore, smaller
the variations w.r.t. H is within~-30% forN=8). TheAr of  B,.

the halogeno derivatives agree with Sun’s restfitfhe Interestingly the three groups that are most representa-
same ordering is obtaingtbr N=4) and theAr of Table IV tive of actually synthesized macromoleculgl, OH, and

are within 0.01 A of Sun’s DFT values. Nevertheless, forCH;) lead to quite large, , although one cannot assess
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TABLE V. Bond length alternatiorfA), charge alternatiotte) and static longitudinal first hyper-polarizabilita.u) of trans-cisoid HPH,—CH)H and
H-(PH,=SiH)\H chains. AllAg have been calculated at the MP2/6-31l@vel of approximation.

-(PH,=CH)y
Geonm=RHF/6-31G Geon=MP2/6-31G
N Ar Aq B[HF/6-31G ] BIMP2/6-31G ] Ar Ag B[HF/6-31G ] BIMP2/6-31G ]
2 0.081 1.333 15 12 0.082 1.327 20 18
4 0.046 1.402 133 130 0.050 1.393 140 138
6 0.032 1.397 391 473 0.035 1.387 404 486
8 0.023 1.397 738 966 0.026 1.386 764 997
10 0.018 1.397 1135 1547
12 0.014 1560 21810
14 0.012 2001
-(PH,=SiH)y
Geon=RHF/6-31G Geon=MP2/6-31G
N Ar Aq BIHF/6-31G] BIMP2/6-31G ] Ar Aq BIHF/6-31G] BIMP2/6-31G ]
2 0.046 0.127 95 113 0.051 0.121 126 145
4 0.029 0.170 662 574 0.034 0.148 729 604
6 0.023 0.160 2033 2101 0.027 0.135 2171 2124
8 0.019 0.158 4012 4555 0.022 0.133 4295 4674
10 0.017 0.156 6374 7615
12 0.015 8968 110610
14 0.014 11705

correctly the convergence @ w.r.t. N. However, we expect helical structures(favored from the energetical point of
that Cl substituents which diministhq will lead to a view), but a study of these conformers is beyond the scope of
AB, () value at least as large as thgs, (=) of the unsub- the present paper.

stituted PP. We have optimized the ground-state geometry of PC and
PSi oligomers. As for PP, thAr of PSi and PC chains is
E. Effect of nuclear substitution within the backbone estimated to be larger at the MP2 level than at HF level.

. . . . Compared to PP, PC chains have larger for all N,
Besides changing side groups, another way 1o Increas\?/hereas, for PSi, it is only true providedi>8: The Ar of

the B, of PP is to change the nature of the AB alternancePSi decreases relatively slowly with. The Aq of PC are

For this reason, we have investigated two model polymers

where the nitrogen have been replaced by eitherc,llghtly smaller than in PP, whereas the one of PSi are one

C—H[PC{PH,—CH),] or Si—H[PSi{PH,—SiH) (see order of magnitude smaller, indicating a serious decrease of

Table V for theirB, valueg. We have kept the same confor- ﬂ:e :uclearbglliym_lr_rr]]etry 3.? an aSS&)C'?tTId |ntchrease of the
mation (planar trans-cisoid, Fig.)3as for PP in order to electron mobility. These differences 4fy follow the same

ensure valid comparisons. Test calculations reveal that trarﬁends(P»P(\}PSD as the differences of electronegativity

cisoid PC and PSi conformers are indeed more stable thaftWeen P and N, P, and C, P, and Si, as one could have be
the planar trans-transoid and cis-transoid analogs. The PgXxPected.

and PSi oligomers have a tendency to become nonplanar AS for PP, it appears that 6-31Gs a satisfactory basis
set. Indeed, the use of triplebasis set does not lead to large

modifications>® The addition of a set of polarization func-
g 4 ,‘ 4 tions on the hydrogens has a negligible effect as well. As for
E : : A\ PP, the 6-31G basis set strongly overestimaggsfor PC
//_H whereas, for PSi, it provides reasonaltpe at the MP2

3 NG NG
H—— S —
l\_// \\___// \\ level 3° From Table V, one can also see tfi@atAs for PP the
f :\ H/C \\ H/C E HF/6-31G" is sufficient to characterize the geometry: The
i R i i % variations of 8, when using MP2/6-31 optimized struc-
tures are very small. Indeed, the change of geomidtom
5 - - HF to MP2 provokes an increase dr but a decrease of
’i 1\ ?i ?i Aq, leading to a small total impact g8 amplitudesf{ii) the
; ; ; MP2 direct contribution is quite small compared to PP: It is

xlﬁy(sl_%s‘_P/l_x i_P//Si———ﬂ only 30%(12%) for the octamer of PCPS)) but it increases

P

] —p

H

with N. For the polymer we roughly estimate this direct MP2

> 3 :\ H/S :\ correction toB, to be around 60% and 45% for PC and PSi,

HOH H H H H respectively—this can be compared to the PP value: 81%.
FIG. 3. Sketch of the PQop) and PSi(bottorm) hexamer in the trans-cisoid Figure 4 depicts the evolution of the statigg, of PP,
conformation. PC, and PSi as a function df Obviously, theA 8, of PSi is
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2000 more than ondtwo) orders) of magnitude smaller than the
2 —&— PP, [PH =N] value reported for PMF, 4.2(38)x10™%. This relatively
:'E e pC PHZ—CIIJV small value of PP is explained by the large charge alternation
g 3 ' IN between phosphorus and nitrogen atoms that impedes elec-
-E . 1500 | ——pgi [pH2=SiH]N tron delocalization. As the addition of side groups does not
= : modify deeply this separation, there is relatively little influ-
B , ence of the side groups on the NLO response of long PP
2..; /ﬁ/ oligomers. A better strategy in order to increg®és to re-
28 1000 / place nitrogen by silicon in which case one diminishes
b E= / strongly the charge alternation without modifying deeply the
&5 % bond alternation, leading to a polymeric NLO response of
=5 / 0.33x10 *cnresu g i mol, i.e., in the range of the syn-
;E B 500 / thesized push—pull molecules.
=
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