OCArticle

EDA Study of #-Conjugation in Tunable Bis(gemdiethynylethene)
Fluorophores

Israel Fernadez and Gernot Frenking*
Fachbereich Chemie, Philipps-Urrsita Marburg, Hans-Meerwein Strasse, D-35043 Marburg, Germany

frenking@chemie.uni-marburg.de

Receied June 13, 2007

n-Conjugation in Bis(gem-DEE)s

The strength ofr-conjugation in a family of biglemdiethynylethene) fluorophores is estimated within

the density functional theory framework using the energy decomposition analysis (EDA) method. The
observed very good linear correlations between the calcutatamhjugation and the experimental values

for the UV absorption and fluorescence emission for this series of compounds suggest that the values
given by the EDA are useful for the interpretation and prediction of photochemical properties of the
molecules. The calculated data predict that adequate modifications in the core moiety of the molecule
such asr-donor substituents in the aromatic ring or in the periphery of the bis-enedyine unitdikeeptor

groups placed in the para position of the aryl substituent increase thertotaljugation in the systems

and thus provoke significant changes in both the absorption and emission spectra leading to large Stokes
shifts. The effect of such substituents is quantitatively predicted by the EDA data.

Introduction indigo blue to reddish-orange. The different optical properties
_ ) _ as well as the variation of the fluorescence quantum yield were

1,2-Diethynylethenes (DEEs) are important synthetic modules explained in terms of the extension of theconjugation in these

for the construction of conjugated systems in one, two, and three mglecules.

dimensions via acetylenic coupling reactidrighus, acetylenic Very recently, we suggested a theoretical method based on

scaffolding with suitable functionalized DEEs leadsit@on- an energy decomposition analysis (EBAyhich provides a

jugated oligomers with potential applications in the field of quantitative measure for the strength of conjugation and

molecular materiald.For example, Kim and co-workers Pre-  hyperconjugation in acyclicand cycli®é compounds. One

pared, by two complementary Pd/Cu catalyzed cross-coupling 5qyantage of the method is that the calculat&g values, which

methods, a new family of cross-conjugated lieftDEE)s as  gre ysed to estimate the strength sfconjugation, are a

a promising class of tunable fluorophofesthe different  omponent of the EDA which together with the other energy

chemical modifications in the core and periphery of the systems components (for a description of the EDA see the method

induce dramatic changes in their absorption and emission section) give the bond dissociation energy which is an observ-
spectra, with the fluorescence colors spanning regions from
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FIGURE 1. Experimentally investigated (R Ph) and calculated (R H) bis(gemDEE)s1—9.

able quantity. Another advantage is that the EDA makes it compounds may perhaps be predicted by the theoretical values
possible to directly calculate the stabilization which arises from of the strength ofr conjugation.

the mixing of occupiedr orbitals with vacantt* orbitals in

molecules without using an external reference system. The computational Methods

method was also successfully applied to estimate the strength _ o )

of w-aromaticity in typical aromatic, homoaromatic, and anti- The geometries of the molecu_les were optimized at the gradient-
aromatic compound® and also in metallabenzerf@sby corrected DFT level of theory using Becke’s exchange functidnal
comparing the calculatedlE,, values of the cyclic compounds " conjunction with Perdew’s correlation functiotal(BP86).

. - Uncontracted Slater-type orbitals (STOs) were employed as basis
with acyclic reference systems. It was found thatAite; values functions in SCF calculations. Triple--quality basis sets were

of meta- and para-substituted benzylic cations and anions seq which were augmented by two sets of polarization functions,
correlate very well with experimentally derived Hammet} ( that is, p and d functions for the hydrogen atom and d and f
and HammettBrown (™ ando™) substituent constantsThe functions for the other atoms. This level of theory is denoted as
calculations were particularly helpful for studying the strength BP86/TZ2P. An auxiliary set of s, p, d, f, and g STOs was used to
of m-conjugation in donor-substituted cyanoethynylethenes fit the molecular densities and to represent the Coulomb and
(CEESs} synthesized by Diederich and co-work&nghich may exchange potentials accurately in each SCF cclée calculations
serve as compounds for nonlinear optical applicatiSriEhe were carried out using the ADF(2003.1) program pacKage.
observed linear correlations between Afe, values and various anlr;;etgng)'/nr?]égtﬁsra;‘t'?hnes et:wiréilegetcr:)em%g?si?onn f;i%rlgginsts(é’:’aes
experimental datd¥C NMR chemical shifts and electrochemical PR : .
potentials, which were proposed as indicators of the strength gifn,:}:glr:,pr\/gzécdhu\;\éazudgeg:é?g; %;) {A%I%g‘!ﬁgﬁ?g E ?‘E‘glg\g&% atlo

of sz-conjugation) are further evidence that the calculated EDA gjye important information about the nature of the bonding in main-

values are reasonable and useful for interpreting and predictinggroup compounds and transition-metal comple®éghe focus of

the chemical properties of the molecule. the bonding analysis is the instantaneous interaction enAigy,
The good performance of the EDA encouraged us to apply

the method to directly estimate the strengthmefonjugation (11) Becke, A. D.Phys. Re. A 1988 38, 3098.

in the bisgemDEE)s 1—8 (Figure 1) which have been (12) Perdew, J. PPhys. Re. B 198§ 33, 8822.

. . - 13) Snijders, J. G.; Baerends, E. J.; VernooijsAiP Nucl. Data Tables
synthesized by Kim et dland to analyze the correlation between 1gé2 )26’ 4]83. :

the calculatedAE, values with experimental values of the (14) Krijn, J.; Baerends, E. Fit Functions in the HFSMethodnternal
i ] i i i Report (in Dutch); Vrije Universiteit Amsterdam: The Netherlands, 1984.
absorption and emission spectra. The aim of this work is to (15) Baerends, E. J.. et ahDF 200301 Scientific Computing &
answer the question if the trend of the experimentally measuredogeliing Nv: Amsterdam, The Netherlands (http:/Amww.scm.com/), 2003.
spectra can be modeled and spectral values of unknown (16) Ziegler, T.; Rauk, ATheor. Chim. Actdl977, 46, 1.
(17) Morokuma, K.J. Chem. Physl971 55, 1236.
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TABLE 1. Results of the Energy Decomposition Analysis at BP86/TZ2P for Compounds-9 Using Two Fragments As Shown in Figure 1
(Energy Values in kcal/mol)

compd 1 2 3 4 5 6 7 8 9
AEint —133.8 —134.0 —136.3 —1315 —133.6 —133.2 —133.6 —127.7 —135.2
AEpayii 280.8 281.6 282.2 277.0 277.8 279.7 280.1 272.3 291.4
AEgistaf —177.4 —176.9 —=177.5 —175.3 —176.0 —176.8 —-177.4 —174.5 —181.3
(42.8%) (42.6%) (42.4%) (42.9%) (42.8%) (42.8%) (42.9%) (43.6%) (42.5%)
AEori? —237.2 —238.6 —241.0 —233.2 —235.4 -236.0 —236.2 —225.6 —245.3
(57.2%) (57.4%) (57.6%) (57.1%) (57.2%) (57.2%) (57.1%) (56.4%) (57.5%)
AEP —212.5 —214.1 —214.9 —210.9 —211.2 —211.8 —211.7 —203.5 —217.6
(89.6%) (89.7%) (89.2%) (90.4%) (89.7%) (89.7%) (89.6%) (90.2%) (88.7%)
AEP —24.67 —24.52 —26.11 —22.36 —24.20 —24.26 —24.54 —22.01 —27.68
(10.4%) (10.3%) (10.8%) (9.6%) (10.3%) (10.3%) (10.4%) (9.8%) (11.3%)
r(C—C)ClA 1.445 1.446 1.439 1.452 1.446 1.446 1.446 1.466 1.437

aThe percentage values in parentheses give the contribution to the total attractive interAEtigast AEqr. P The percentage values in parentheses
give the contribution to the total orbital interactioA&,,. ¢ Calculated C-C distance between the fragments in the molecules.

of the bond, which is the energy difference between the molecule TABLE 2. Experimental Values and Theoretical Results for
and the fragments in the electronic reference state and frozenCompounds 1-9 at BP86/TZ2P

geometry of the compound. The interaction energy can be divided  compd Aabd Jemid AE;° r(C—Cy
into three main components: 1 216 475, 506 o467 1.445
2 413 560 —24.52 1.446

AEjy = AEggtart AEpqyi+ AEqy, @) 3 455 522,549 ~26.11 1.439

4 349 413,431 —22.36 1.452

AEesa gives the electrostatic interaction energy between the 5 394 461, 490 —24.20 1.446
fragments, which are calculated using the frozen electron density ~ © 418 473,498 —24.26 1.446
distribution of the fragments in the geometry of the molecules. The 7 422 473,501 —24.54 1.445
. . . . 8 360 454,471 —22.01 1.467

second term in eq 1AEp,y;, refers to the repulsive interactions 9 2768 1.437

between the fragments, which are caused by the fact that two
electrons with the same spin cannot occupy the same region in_ *Wavelength (in nm) of the absorption maximum, taken from ref 3b.
space.AEp,yi is calculated by enforcing the KokiSham deter- bWavel_ength (in nm) of the emission maximum when excited at the
minant on the superimposed fragments to obey the Pauli principle E%S:;ﬂtggsngﬁ(ggrl';'vt;k(?n”Ijégvn:gr;’gi%'Cbuci‘;’]‘tdeﬁ]%;ﬁ’sazﬁnez)frg’emggn
_by antls.ymmemzatlon.and renormathzatlor.]' The stabilizing orbital the interacting fragments calculated at the BP86/TZ2P level.
interaction termAE,, is calculated in the final step of the energy

partitioning analysis when the KohtSham orbitals relax to their
optimal form. This term can be further partitioned into contributions
by the orbitals belonging to different irreducible representations of
the point group of the interacting system. The EDA calculations
of the present molecules have been carried out USiigymmetry.
Thus, the contributions of thé arbitals toAE, give the strength

of the o interactions while the contributions of thé arbitals give

the strength of ther interactions:

=29 —

-28 4

© %

27 4
-26 4
AE,, = AE, + AE, @) 251

-24

AEz / kcal mol”

Further details of the energy partitioning analysis can be found

in the literaturet18 r=0.97, SD=0.28

-23

Results and Discussion 08

Table 1 gives the EDA values for the measured compounds
1—-8 and for the unknown molecuf(Figure 1). The geometries
of compoundsl—9 were optimized withCs symmetry con-
straints at the BPB_G/TZZP Ieve_I, _and the re;ultir_mg struc_tures_ WEreE|GURE 2. Plot of the AE values versus the wavelength of the
used for the EDA in order to divide the orbital interactions into  apsortion maxima for compounds-9.
o(d) and(a") contributions. For computational reasons, we
replaced the phenyl groups attached to the terminal triple bondsfor 8 which has a slightly smaller valu&E;,; = —127.7 kcal/
in the experimental compouridby hydrogen atoms. We also  mol. The C-C bond between the two fragments has a somewhat
substituted the OMe group &by OH and the propyl groups  stronger contribution from the orbital interactions than from the
of 7 by methyl groups. The EDA calculations have been carried electrostatic term\Egistas The breakdown oAE,y, into the o
out using two interacting fragments as shown on top of Figure ands contributions shows that the covalent interactions come
1, i.e., one 1,1-diethynylethenyl fragment and one 1,1-diethy- mainly (~90%) fromAE,. The values foAE, are much smaller
nylethenylaryl fragment in a doublet state where the unpaired (22—27 kcal/mol) than the other energy terms and they show
electron is in ao orbital, using the frozen geometry of the little variation among the compounds-9. Note that the €C
compound. distances between the interacting fragments correlate with the
The EDA results forl—9 exhibit rather uniform values for  AE, values. Compoun@ has the shortest bond length and the
the interaction energies between 131 and 136 kcal/mol exceptlargestAE, value while8 has the smallesAE,; value and the

T T T T T T T T T T T T T T T T v 1
340 360 380 400 420 440 460 480 500 520
A (Abs) / nm

J. Org. ChemVol. 72, No. 19, 2007 7369



]OCAT’tiCle Ferriadez and Frenking
.27

-26 4

r=-0.99, SD=0.15

AEx / kcal mol™

22 4 og

T T T T T T T T T T T T T 1
400 420 440 460 480 500 520 540

A, (emis)/ nm

b) 281

AEx / kcal mol™

T T T
420 440 460 480 500 520 540 560 580

A, (emis) / nm

FIGURE 3. (a) Plot of theAE, values versus the wavelength of the first emission maxinfar compoundd and3—8. (b) Plot of theAE, values
versus the wavelength of the second emission maxinfar compoundsl and 3—8.

longest C-C bond. The crucial question is whether the trend not surprising if we take into account the well-known electron
of the AE,; values which are rather minor contributions to the acceptor nature of the DEE moiety. Figure 2 displays a
total binding interactions correlates with the experimental values graphical correlation between the calculatel, data and the
for the absorption and emission spectra of the compounds. Suchtexperimentallas values for the absorption wavelength which
a correlation may not be expected because the absorption andre ascribed tac—xa* transitions? There is a very good linear
emission spectra arise from electronic excitation and relaxation correlation between the experimental and theoretical values of
processes which involve excited states that are not considereccompounds—7 which exhibits a correlation coefficient of 0.97
in the EDA. and a standard deviation of 0.28. The notable exception from
The most important experimental and theoretical results for the linear correlation is compoui@We think that the deviation
the correlation analysis are shown in Table 2 which gives the of the latter species from the good correlation is due to a steric
calculatedAE,, values as well as optical experimental data of effect of the methyl groups with the-hydrogen atoms of the
the absorption and emission maxima for ligitDEE)s. The phenyl ring which provokes th& does not possess a planar
data in Table 2 show that the lowest value Ad£,; is found for equilibrium structure. Geometry optimizations b9 without
compound4, which lacks extensiver-conjugation because of ~ symmetry constraint gave equilibrium geometries which deviate
the meta linkage. The theoretical finding agrees with the only slightly from the Cs form except for8. The energy
measured absorption wavelength which is the lowest of the minimum structure oB has a twisted geometry which is 3.45
entire series. The largest values for the strength abnjugation kcal/mol lower in energy than thes form. The good correlation
were calculated for compound3 and 9, which have two between theAE, data and the experimentél,svalues forl—7
electron-donor groups in the aromatic ring. These results areputs some trust into the theoretically predicfiegsvalue for9
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TABLE 3. Results of the Energy Decomposition Analysis at BP86/TZ2P (Energy Values in kcal/mol)

AN
VA §
— 7
\
\ 10a-f
compd R=H, 10a R=Cl, 10b R =C=CH, 10c R=CN, 10d R =CHO, 10e R = NO,, 10f
AEint —134.4 —134.5 —134.6 —134.8 —134.8 —-135.1
AEpauii 286.2 285.1 286.2 284.4 286.0 284.9
AEgistaf —180.2 —179.6 —180.2 —178.8 —179.7 —179.0
(42.8%) (42.8%) (42.8%) (42.7%) (42.7%) (42.6%)
AEom? —240.3 —240.0 —240.6 —240.4 —241.1 —241.0
(57.2%) (57.2%) (57.2%) (57.3%) (57.3%) (57.4%)
AEP —214.8 —214.4 —214.8 —-214.3 —-215.0 —214.6
(89.4%) (89.3%) (89.3%) (89.2%) (89.2%) (89.1%)
AEP —25.57 —25.67 —25.81 —26.07 —26.12 —26.34
(10.6%) (10.7%) (10.7%) (10.8%) (10.8%) (10.9%)

aThe percentage values in parentheses give the contribution to the total attractive interABtigast AEqm. P The percentage values in parentheses
give the contribution to the total orbital interactioA&.

TABLE 4. Experimentally Derived Substituents Constants and

which according to the calculateiE; value should havegp,s EDA Results for Compounds 10af at BP86/TZ2P

= ~510 nm. Thus, we can conclude that the presence of a

) . . . . + b
m-electron donor substituent in the aromatic ring of the bis- compd % * AE
(gemdiethynylethene) compounds enhancessttenjugation 10 R=H 0.00 —25.57
in these systems and therefore leads to higher values of the ~ 10bR=Cl 0.11 —2567

length of the absortion maxima 106 R=C=CH 0.18 ~2381
waveleng na. 10d, R=CN 0.66 —26.07
We also analyzed the correlation between the calculated 10g R=CHO 0.73 —26.12
strength of ther conjugation and the experimental emission 10f, R=NO 0.79 —26.34

spectra ofl—8 which show two strong emission bands in the a Hammett-Brown substituent constants taken from ref i €alculated
visible region excep? for which only one emission band was AE, values from the EDA at BP86/TZ2P level (in kcal/mol).
observed. Figure 3 shows a graphical display of the correlation
between the\E,; values and the emission bands with the smaller
Aemid1) values (Figure 3a) and the lardemi{2) values (Figure 26,4
3b). The correlation between the two sets of data using the
experimental values fat, 3—7 is very good Lemid1) Vs AE,,

correlation coefficient of 0.990 and standard deviation of 0.150; 2621
Aemid2) Vs AE,, correlation coefficient of 0.997 and standard
deviation of 0.095). The experimental values &are again
outliers which can be explained with the twisted equilibrium
geometry of the compound. The experimental value for the sole
emission emission band & Aemis = 560 nm deserves to be
discussed. The calculatexE, value for2 (—24.52 kcal/mol)
does not correlate at all with the experimental value when one
uses the correlation line from either part a or b of Figure 3. 25,6
Inspection of the experimental data given in Table 2 strongly
suggests that the wavelength of the emission spectruhtoés 00 02 o4 068 08
not come from the same type ofrelaxation process as for the
other compounds. For example, thgsandAemid1) values of

3 are shifted by a similar amount to higher wavenumbers with
respect tol. By contrast, compoun@ has a slightly smaller
Aabs Value thanl but thedemid1) value of the former is much
higher than that of the latter.

We extended the work to further unknown ljs(DEE) kcal/mol). Despite that, we predict the presencerafcceptor
compounds by studying the effect of a para-substituted phenyl groups slightly enhance the-conjugation in this series of
group attached to the terminal triple bond on the total fluorophores. In a previous study, we reported about an excellent
conjugation. The presence of a googicceptor should enhance  correlation betweeAE, values and HammetBrown “through-
the acceptor capacity of the DEE moiety leading to a more resonance” substituent constahfEable 4 shows the calculated
extenpled conjugation. The EDA .results for compoumg—f AE, values of10a—f and HammettBrown g,* parameters
are given in Table 3. The variation of the para substituent R which were taken from the literatut@.Figure 4 displays a

yields only small changes of the data for the energy terms. In graphical correlation between the values &, and o™ It

particular, theAE, values have only a span of 0.77 kcal/mol . . . .
betweerl0a(AE, = —25.57 kcal/mol) and0f (AE, = —26.34 becomes obvious that there is a linear correlation between the

-26,0

AEz / kcal mol”

-25,8

c; (Hammett)

FIGURE 4. Plot of theAE, values versus the HammetBrown o,*
substituent constants for compourti3a—f.
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two sets of datad,™ vs AE,, correlation coefficient of 0.97  correlation between the maximum of the fluorescence spectrum
and standard deviation of 0.08). It should be interesting to of 2 and theAE, value suggests that the electronic relaxation
measure the absorption and emission specti®af-f in order of the latter compounds is not a simpt&— process as it is

to test the theoretically predicted trend which suggestslibfait ~ for the other compounds. Furthermore, adequate modifications
should exhibit absorption and emission maxima with the largest in the core moiety of the molecule (for instance;donor
wavenumbers. Moreover, the latter results further support that substituents in the aromatic ring) or in the periphery of the bis-

Hammett parameters are indeed good measures for-tiun- enedyine unitg-acceptor groups placed in para position of the
jugation strength which can be directly quantified with the EDA aryl substituent) should increase the totatonjugation in the
method as reported previously. systems and thus, provoke dramatic changes in both the
absorption and emission spectra leading to large Stokes shifts.
Conclusions The extent of the latter may be estimated with the EDA prior

to experiment.
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