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The giant optical nonlinearity associated with photoinduced molecular reorientation of dye-doped
nematic liquid crystals has been measured for a homologous set of dyes belonging to the
anthraquinone family, dissolved both in a polar and in a nonpolar liquid crystal host. We found a
strong sensitivity of the nonlinearity merit figure to the detailed structure of the dye substituent
groups. Our results provide some insight into the molecular mechanisms underlying this
phenomenon, whose full understanding will finally require a detailed picture of guest—host
intermolecular interactions and their dependence on the molecule electronic stat2000©
American Institute of Physic§S0021-9606)0)50546-7

I. INTRODUCTION isotropic-liquid phase of dye-doped materitist®

Nematic liquid crystal§NLCs) exhibit a very large op- As d|scgssed in Ref. 10, Fhe eff?ct of Il_ght abs?rptlon is
tical nonlinearity associated with collective molecular reori-actually to introduce an a(;ld|t|0nal photomduced torque
entation driven by the “optical torque’s,." In the case of 7, SO that the overall optical torque is NoRyY= 7em+ 7pn,
transparent materials this torque is well understood in conWherezenis the ordinary dielectric anisotropy torque, which
nection with the anisotropy of optical polarizability, which is almost unchanged by the presence of dye. Symmetry con-
makes it energetically favorable for the molecules to alignsiderations show that, in the limit of small light intensity,
parallel to the electric field. Its expression in terms of the7yn={((NXE)(n-E))/(4m), i.e., the photoinduced torque
optical field E and molecular directon is 7,= 7= €((n has exactly the same functional form as the dielectric
X E)(n-E))/(47), where e,=n2—n? is the dielectric an- torquel® This explains why the overall effect of dye appears
isotropy in the optical domaim, andn, being the extraor- phenomenologically as a multiplicative enhancement, by a
dinary and ordinary refractive indices, respectively, and theactor =1+ {/e,, of the optical torque. The new constant
angular brackets denote the average over an optical cycle.; must be related to the presence of dye, to its interaction

In contrast, the case of light-absorbing materials hasyith the NLC host, and to light absorption.
been the subject of intensive research in the last detdde. A fundamental theory of the photoinduced torqg

In mosf[ cases, visible-light absorbing NLCs.are obtained b redicting for example the value df of a given dye-NLC
dissolving a small amount of organic dye in a transparen

o . . ixture, must be based on a molecular kinetic approach, the
liquid crystal host. In 1990, d@ssyet al. discovered that the . e us . u inetic PP
light absorption process being a nonequilibrium one. Re-

strength of the optical torque acting in dye-doped materials

can be completely different from that of the correspondingCently proposed molecular models are based on the hypoth-

pure (transparent hosts, despite the small difference ob- esis that _a strong reversible variation of guest—host_intermo-
served in the dielectric anisotropy .2 For certain dyes the |€cular interactions  may —occur dur(')nl% photoinduced
optical torque was found to be enhanced by more than twélectronic excitation of the dye molecuté®!! To test these
orders of magnitude for dye fractions below #%or other ~Models, one can study how the torque changes when the
kinds of dye the torque is sign reversed, so as to reorierfolecular structures of both dye and host are varied, possi-
molecules away from the electric field directid&till other ~ bly in a systematic way. Some studies of this kind have
dyes are instead ineffective, i.e., they leave the optical torquelready appeared in the literatute®*but in all of them the
approximately unaltered. These strong torque variations aréye structures were too varied and complex, not allowing an
reflected into equally strong variations of the optical nonlin-easy identification of the critical structural factors. Motivated
earity. In some dye-NLC mixtures the optical Kerr-like non- by these considerations, in this work we measured the optical
linearity is among the highest ever observed. Moreover, it i&orque in dye-doped NLCs, using a set of dyes selected for
worth mentioning that a similar enhancement of optical nonHaving relatively simple molecular structures and small
linearity has been recently observed in the ordinarystryctural variations from one dye to the next. For the time
being we limited our interest to the family of anthraquinone
dElectronic mail: lorenzo.marrucci@na.infn.it derivatives. Moreover, we used two different NLC hosts, one
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composed of polar molecules and the other essentially non- O R1
polar. |l
When comparing the effect of different dyes, aiming at
extracting the important molecular features, the strength of
the optical torque’ is not a good merit figure, for example,
because it depends on dye concentrationn general, for
sufficiently small dye concentrations, the torque strerdgith 'l
expectedand found'® to be proportional ta. Moreover, it O R2
is reasonable to assume thatis proportional to the dye
absorption cross-section, that controls the number of ab- FIG. 1. General molecular structure of the dyes employed in this study. The
sorption events per dye molecule. Therefore, to focus on afroup substituents Rand R are listed in Table I.
other less-obvious molecular dependencies we introduced
the merit figurew= /[ (Neee+ 2No2)AS],** where e, and
a, are the absorption coefficients for the extraordinary andvheref is a factor taking into account absorption losses in
ordinary wave, respectively, is light wavelength, an&is  the dye-doped sample. As shown in Ref. 11,
the NLC order parameter. In plain Englisp, gauges the

ability of a single dye molecule to contribute to the torque f— 12 { _(£+ 1 )(1_e—axL) )

provided that it has absorbed a photon. Moreover, in the (ayL)? 2 ol ’

limit of small concentratiore, w is independent of botband h

o, becauser{;as+2n,a,) A co. The discussion on our re- where

sults will be based mainly on the merit figure Neto— No/Ne[(ag/Ny) — (ae/Ng)ISir? Bo ,
ay=

is the effective absorption constant along the normal to the

Our measurements of optical nonlinearity are based ofNLC film (for the homeotropic alignmentin Eg. (1), one
the pump-and-probe laser interferometric technique demust take care of using the dye-doped and pure host nonlin-
scribed elsewher¥. Briefly, the pump-laser optical torque earities as measured at the same wavelength. For laser power
induces a molecular reorientation in the sample, resulting ifimitations we could measureA(p/P)pyre nost ONly at A
a phase shiftA ¢ of the probe beam. This phase shift was =532 nm, but this value can be converted to the correspond-
measured by letting the emerging probe light interfere with dng one ath =633 nm just by multiplying it by the wave-
plane-wave reference beam and observing the interferendength ratio 532/633neglecting dispersiort
fringe deformation. For such measurements, the samples The basic structure of the dyes labeled A1-A6 is shown
were prepared in the homeotropic film geometry, i.e., within Fig. 1. They are all anthraquinone derivatives, with the
the molecular director perpendicular to the containingsubstituent groups Rand R located at positions 1 and 4 of
glasses. This geometry was chosen because it reduces tHe core. The list of group pairs,Raind R for the different
effect of absorption thermal indexing. The residual thermaldyes is given in Table I. Dyes A1-A3 and A5—A6 have been
contribution toA ¢ was separated from the orientational con-bought from Aldrich; dye A4 was provided by Nematel
tribution by exploiting the large difference in their response(Darmstadt, Germany Their purity is 98%-99%. The dye
times (of the order of 1 ms for the former and 0.1 s for the labeled AD1 in Table | has a different structuie., not that
latten. To measure the absorption spectra we used insteaghown in Fig. } and was included only as a reference for
the planar geometry, in order to obtain bethande,. The ~ comparison with previous works. It is 1,8-dihydroxy4,5-
pump beam was either from a He—Ne laser, hawrgs33  diamino2,7-diisopentylanthraquinonesee Ref. 11 for a
nm, or from a frequency-doubled Nd:YAG continuous-wavedrawing and was provided by the Lig. Cryst. Soc. “So-
laser, having\ =532 nm. For each sample, we chose thedruzhestvo,” Moscow, Russia. The employed NLC hosts are
pump wavelength that is within the absorption band. In ondhe commercial mixtures E7 and ZLI13086, both from Merck
case(dye Al) we used both wavelengths, as they were botiKGaA (Darmstadt, Germanywhose components are shown
within the band and we could thus check the possible wavein Fig. 2 E7 is a eutectic mixture of 51%
length dependencé. The pump beam was focused to the 4'-n-pentyl-4-cyanobiphenyl (5CB), 25% 4-n-heptyl-
same spot siz&v,=43+2 um in all cases. The incidence 4-cyanobiphenyl, 16% '4n-octyloxy-4-cyanobiphenyl, and
angles of pump and probe lasers weBg=28° and 3; 8% 4-n-pentyl-4-cyancp-terphenyl, exhibiting a stable
—47°, respectively. The film thickness was-55+1 ymin  hematic phase over the rangel0 to 60 °C!’ ZLI3086 is
all samples. For each sample the nonlinearity factgr/ P nematic in the similar range-20 to 72°C. The detailed
was obtained from the slope of the measured phase/shift proportions of its components are confidential information

versus pump powel. The factor{ was then obtained from and cannot be reported here. However, for our purposes, the
the ratio of the dye-doped and pure NLC nonlinearity bymain difference between E7 and ZLI3086 is that the former

Il. EXPERIMENT

means of the enhancement factor expression is composed of polar moleculéswing to the cyano substitu-
Ad/ ent CN while the molecules of the latter are almost perfectly
£ 1 (A¢/P)aye doped (1) nonpolar. The large difference of polarity of these two hosts

=1 = :
7 €a T (APIP)pure host is evidenced, for example, by the dielectric constants at 1
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TABLE |. Measured properties of dye-liquid crystal mixtures for pump light wavelehgét room temperaturex, and «, are given at wavelength. w
denotes the nonlinearity merit figure as defined in the text. Where the dye is not indicated, data refer to the pure transparent host. The labelrEZLI is a sho
notation for ZLI3086, by Merck. Dye AD1 did not have the structure shown in Figee the text and Ref. 11

Dye \ e a, ApIP
label R R, NLC (nm) (cm™1) (cm™Y (rad/mwW) l n
E7 532 0 0 0.06%0.004 0 0
Al NH, NH, E7 532 235 55 1.2t1 15+2 650+ 80
Al NH, NH, E7 633 36 12 0.210.01 2.20.3 450+ 60
A2 OH OH E7 532 166 48 \A¢/P|<0.07 —1.5<¢<0.7 —90<u<10
A3 NHCH; NHCH;z E7 633 66 29 —0.28+0.01 —4.7+0.4 —490+50
ZLI 532 0 0 0.0270.001 0 0
Al NH, NH, ZLI 532 20 15 0.048:0.008 0.3:0.1 100+ 30
A2 OH OH ZLI 532 33 17 |A¢/P|<0.03  —0.7<¢<0.1 —150< u<20
A3 NHCH;, NHCH, ZLI 633 84 60 |AGIP|<0.06  —15<¢{<07  —100<u<50
Ad NH, H E7 532 53 19 1.70.1 19+2 3200+ 300
A5 NHC,Hg NHC,Hg E7 633 42 41 —0.50+0.02 -8+1 —850+90
A6 NHCsH, 4 NHCsH, 4, E7 633 36 48 —0.54+0.02 —-9+1 —880+90
AD1 E63 633 189 29 750.2 87+8 4400+ 400
AD1 E63 532 64 15 220.1 20+2 3100+ 300

kHz, which are, respectivelys|=19.0¢, =5.2 in E7 and determined by dividing the phase-shift sensitivity of our ap-
g|=2.9¢, =2.8 in ZLI3086(both at 20°C)Y The reference paratus by the maximum light powé that did not cause
dye AD1 was dissolved in the nematic E63, also frompermanent or long-lived thermal effects disturbing our mea-
Merck, which is a cyanophenyl mixture quite similar to E7 surements.
(see Ref. 18 for a list of its components

The solubility of all our dyes in ZLI3086 resulted lower
than in E7, probably because of the different degree of polll. DISCUSSION

larity. For this reason, we made solutions in ZLI3086 only of Let us focus first on the three anthraquinone derivatives
the three dyes A1, A2, and A3, which are the most intereStIabeled as A1 A2. and A3 in Table I. As shown in the same
ing ones for a comparison. The mea;ured opt_ic_al nonlinearityame, for these dyes dissolved in E7 we have measured, re-
A¢/P, torque constant, and absorption (_:oeff|C|entse,ao spectively, a positive, vanishingvithin our experimental
"’_‘t the pump wavelength, and the ,reSP't'“g calculated m?rgensitivit)a, and negative value gi. When using the nonpo-
figure n for all guest—hpst combinations are reported N oot ZLI3086, we observed a small positiuewith AL,
Iable . In the Ca|CLﬂatIOI’IS, we uiemiez 1.746 andn, 54 3 vanishing: with A2 and A3. These differences must
=1.522 for E7 anch.=1.617 andn,=1.504 for ZLI3086 s mepow e related with the different substituent groups R
(20°C, 589 nm." Moreover, we took a nominal value of jn4p |n the three dyes A1, A2, and A3 they are equal, i.e.,
S=0.75 for both hosts. By trying samples of different con- R,=R,, and are, respectively, the amino AHhydroxyl
centration(as measured by the absorption coefficiemie OH, and methylamino NHCH
verified that the photoinduced nonlinearity is indeed propor-—Acqally, the structures of these three substituent groups
tional to_ concentraﬂorﬂ.e., to a*?SOpr'O” coefﬂqe)thor are quite similar, as highlighted in Fig. 3. First, they all have
those mixtures for which the orientational nonlinearity was_ o p.. atomic orbital on the central electronegative atom
too small to be measured, we report the experimental bound(ﬁe. theﬂnitrogen in AL and A3, the oxygen in Ahich
on all quantities. In particular, the bounds piig/P| were  ager hybridization withr orbitals of the anthraguinone core,
gives the main contribution to the highest occupied molecu-
lar 7 orbital (HOMO) of the substituted molecuf€:?° Sec-

E7 :
NECCSHH Nac0-can ond, all three substituent groups have at least one hydrogen

atom that is capable of medium-strength hydrogen bonding

NECGHIS NzC @ @ @ Coflu with suitable proton acceptof$?? In particular, when the

substituent group is properly oriented it may get hydrogen
ZLI3086 0 _@ O—QH’ bonded with the oxygen of the carbonyl CO group, within
the dye molecule itself, as shown in Fig. 3. Or, for a different

orientation[see Fig. 4b)], the group may be involved in
@ O . . @ @ O_ o intermolecular hydrogen bonding with one of the host mol-
ecules, if the host is polar. In particular, all components of
CH;=0 C;H- CH. m CsHyy 1 1
@ O- ' ! . @ @ O- E7 have a cyano CN group that can act as a proton acceptor,
as shown in Fig. 4! No such acceptor group is instead
C,Hy CsH,, CH C3H; . :
O- ’ s O— ’ present in ZLI3086. In general, intermolecular hydrogen
FIG. 2. Components of the two nematic mixtures E7 and ZL13086 used a#0Nding  between anthraqL_Jlnone proton-donor substituent
hosts(Ref. 17. groups and proton-accepting solvents has already been
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ing feature is the moiety of the group highlighted in Fig. 3 by

O.-"H\N}ﬂ," a circle: the second hydrogen atom in the amidge Al),
N the electron lone pair in the hydroxytye A2, and the
Al methyl group in the methylamin@ye A3). Totally different
7 electrostatic and hydrogen-bonding properties must be ex-
e pected here. In the case of Al there is a positive charge
H\v‘ . ) excess and proton-donating ability; in the case of A2 there is
O O a negative charge excess and proton-accepting ability; in the

A3

case of A3 there is approximate neutrality and no hydrogen-
bonding capability. In particular, this implies that only for
the dye Al dissolved in E7 can the internal and external
hydrogen bonds discussed previously take place simulta-
neously, as shown in Fig.(d). In the case of A2 and A3 in
E7, on the contrary, intra- and intermolecular bonds are in
competition, and at equilibrium we may expect that both

/_\ kinds of bonds will exist, each with a nonvanishing probabil-
FIG. 3. Comparison between the three substituent groups in Al, A2, and Aéty' . .

dyes, showing similarities and differences. The dotted line indicates a pos- |t IS Not obvious why these structural features lead to the
sible intramolecular hydrogen bond with the CO group of the anthraquinonebserved striking differences ip. A full answer to this
core. The dashed circle highlights the main structural difference between ‘hBrobIem will probably require a detailed theoretical analysis
h . Lo . .

three groups of the dye molecules and of their interactions with the host,
which is beyond the scope of this work. Here we limit our-
selves to a qualitative discussion based on the ideas pre-

3-26 P
irr?t%?rr;?)clicuIalrnho(ljjrrocgiebgzgsaiztiil ezgggsgmze?’];zfcgs_ented in Refs. 11 and 12 and on the models reported in
ydrog 99 y - Refs. 7, 10, and 11. These models relate the valyetofthe

servations. First, we found a greater solubility of all dyes N, ~riation of intermolecular interactiondetween dye and

the polar hostgE7 in this work, E63 and 5CB in Ref. 11 . . .
. S . host molecules occurring because of the dye being electroni-
than in the nonpolar ongZL13086 in this work, MBBA in . . . :
cally excited by light. An increase of the average intermo-

Ref. 11. Second, there is evidence that polar interaction . " : .
) . . ecular interaction strength in the excited state should be as-
may enhance the orientational order of dissolved dye mol-"" . " . .
o o . sociated with a positive:, while a decrease should yield a
ecules of low aspect ratio, i.e., when steric orientational ef:

fects are not so importarisee the data reported in Ref. 27 negative. = We emphasize, however, that this link between

and their reinterpretation given in Ref. )L Third, for some the change of intermolecular interactions and the photoin-

of our dyes we observed significant solvatochromic shiftsduced torque is not straightforward, being the result of a

when passing from ZL13086 to E7, similar to those observecponglv'.aI mtodel of'td.ye o:|entat|onal lf[':‘] ett 'fhs' !n p?rtlgu(ljar,
for the same dyes in standard solvents of increasingi00 :ain a torque 1L 1S not necessary that the involved dye-—
23,28,29 ost interaction be anisotropic. A variation of an isotropic

polarity: . | . . .
Besides these common properties of all three substituerﬁ?rce of attraction can be effective too, via the ensuing varia-

groups, there are a couple of important features that do di§'—0nI Ofl r;)l?lt'lol?al d|fflu5|on constar:; (t)ftr:he e)éc'f;.jt dyfe
tinguish them and that must somehow be related with the ?]e.cude ) q IS qnybnece§sary hat the probability o
completely different torque observed. One such feature i 9 tl—m uce excnatl;)nl_ € a?]'SOtLOp'C' ) ibut h
obviously the electronegative atom that is a nitrogen for A1 N OUr case, we believe that the main contribution to the
dye with host molecules. This hypothesis is naturally sug-
gested by the observation that the nonpolar host ZLI3086 is
either ineffective or significantly less effective than the polar
4 5CB and MBBA. All other intermolecular forces such as
_ steric, dispersive, and quadrupolar<{) ones cannot eas-
®) o .-O/H"”‘N=C ( ily account for such large difference. Moreover, our hypoth-
Ll
m the absorption spectra observed for solvents of different po-
dye substituent group;Rand the host cyano group of K& The case ofthe  yolved in the photoinduced effect must satisfy two additional
amino group(present in dyes Al and Adcapable of simultaneous internal conditions. The first is that it must undergo a significant
and external hydrogen bondb) The case of the hydroxyl group oriented so )

and A3 and an oxygen for A2. The second main distinguish?’a”"’mof1 of guest-host mte_r_actlons must come from polar
interactions and more specifically hydrogen bonding of the
A H~ EC<§ ! h
@ o N/ host E7 in all casegsee also Ref. 11 for similar results

\(“\/\ obtained with other materials, including the pure compounds

esis is independently confirmed by solvatochromic shifts in

larity, as we will discuss in the following. Besides the de-

FIG. 4. Examples of hydrogen-bond intermolecular interactions between thpendence on host polarity, the intermolecular interaction in-
as to be involved in an external hydrogen bond, thus breaking the interna\(a'_’iation due to "ght'indU_CEd electronic excitation, as re-
bond with the carbonyl group shown in Fig. 3. quired by the above-mentioned models. The second is that
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this variation must be drastically different for the three dyesand carbonyl. However, the ineffectiveness of A2 might be
Al, A2, and A3 to account for our observations. Steric in-explained also by the larger electronegativity of oxygen as
teractions, for example, can hardly satisfy the first conditioncompared to nitrogen, which could lead to a smaller charge
In our anthraquinone derivatives large photoinduced confortransfer upon excitation. A relatively small charge transfer is
mational transformations do not occur. Only a small adjustindeed predicted theoretically in Ref. 20 for this dye. More-
ment of the nuclei positions in the excited states may bever, the vanishing variation of the intermolecular-
expected, as verified for example by the small Stokes shifinteraction strength in the excited A2 is again directly con-
found between the absorption and fluorescence bHribis-  firmed by solvatochromic data that show only a very small
persive and maybe quadrupolar interactions could instead Hslueshift with increasing solvent polarif§:?° We also ob-
slightly modified by electronic excitation. However, theseserved a redshift of only 1-2 nm in the absorption spectra
interactions are dominated by the dye core, with only a smalWwhen passing from ZLI3086 to E7. Finally, if in the dye
contribution coming from the substituent groups. Both theground state there is a balanced equilibrium between internal
ground and excited electronic states of the three dyes Aland external hydrogen bonds, electronic excitation is likely
A2, and A3 are very similafin particular the dyes A1 and to shift it in favor of intramolecular bondingbecause the
A3 are almost perfectly iso-electronic, as the only differencecarbonyl acquires some extra electronic chatgé® This
in the 7 orbitals should arise from the different inductive would lead to a reduction of the time-averaged strength of
effects of the proton and the methyl groups in the substituenintermolecular interactions and therefore to a negativé/e
group of Al and A3, respectively Therefore, all photoin- ascribe to this effect the behavior of A3 in E7. In this case
duced variations of dispersive and quadrupolar interactionthere is no straightforward correlation with solvatochromic
are expected to be very similar for the three dyes, contradicebservations, as the dye A3 actually exhibits a small redshift
ing our observations. with increasing solvent polari§’. We also observed a red-
Let us now see how polar interactions could satisfy theshift of about 4 nm in the absorption spectra when passing
two above-mentioned conditions. We focus mainly on hy-from ZLI3086 to E7. However, this lack of correlation is not
drogen bonding, although other forms of polar interactionssurprising in this case, as a blueshift would result only from
might also play some role. When the dye is electronicallya reduced strength of external hydrogen bonds in the excited
excited, some electron charge is displaced from the substitunolecules and not from an increased strength of internal
ent group to the anthraquinone cdiietramolecular charge bonds. In fact, solvatochromic shifts in absorption spectra
transfey.>2°%0 This may lead to an increase of the acidity give information only on the variation of solvation energy
and proton-donating properties of the group. In the case obccurring immediately after the molecule excitation a
Al in E7, this increase will in turn strengthen both the inter-coherent-electronic femtosecond time sgatleus not reflect-
nal and external hydrogen bonds and, by effect of the latteling time-averaged effects that would eventually result from a
will give rise to a positiveu, in agreement with the obser- subsequent switching to the internal bond.
vations. For Al in ZLI3086 there might still be an increase Let us now discuss the other mixtures.
of the weaker polafor “weak” hydrogen bond¥! interac-  1-aminoanthraquinone A4 is similar to A1, except for having
tions between the amino group and, for example, the aroenly one substituent group instead of two symmetrically
matic moieties or the oxygens of the host, explaining theplaced groups. This leads to a much largerimplying a
small positiveu measured. The strength increase of intermo-much larger increase of interaction energy during electronic
lecular hydrogen bonds in the excited state of Al is con-excitation in dye A4 with respect to Al. This interpretation is
firmed by reported solvatochromic data, indicating a signifi-again well supported by solvatochromic data, as a much
cant redshift of the absorption peak for increasing solventarger redshift in the absorption peak with increasing solvent
polarity 222° Also in our absorption spectra there is a redshiftpolarity is observed for dye A4 than for dye A1A possible
of about 12 nm of the main absorption peak when passingxplanation of the difference between A4 and Al is that
from ZLI13086 to E7 as a solvent. Moreover, an excited-staténtramolecular charge transfer is more effective for a single-
variation of intermolecular hydrogen bonding is discussedamino substituted dye than for a doubly substituted one. This
also in Refs. 31 and 32, in connection with the radiationlesss plausible for two reasons: First, in the doubly substituted
deactivation of aminoanthraquinones in polar solvents. dye the HOMO will have symmetrical contributions from
The case of A2 and A3 is instead less straightforwardpoth substituent groups, each contributing with roughly half
due to the role possibly played by the competition betweeratomic orbital instead of one; second the charge transfer
intra- and intermolecular hydrogen bonding. If the intramo-could be quenched for electrostatic reasons as the two amino
lecular bond dominates both in the ground and excited stategroups are on opposite sides of the anthraquinone core. The
there should be little variation of intermolecular interactionscalculations reported in Ref. 19 qualitatively confirm a trend
on excitation and therefore should vanish. This is certainly of decreasing charge transfer with increasing number of sub-
the case when A2 and A3 are dissolved in ZL13086, which isstituent groups. Dye A4 has roughly the samas the AD1-
not capable of medium or strong hydrogen bonding. Indeed63 mixture of Ref. 11we measured agajun of AD1 in E63
the merit figure of A2 and A3 in ZLI3086 is below our and foundu=4400+500; we do not know the cause of the
experimental sensitivity. Moreover, this explanation coulddiscrepancy between our last result and our previous mea-
apply also to the case of A2 in E7. Here the intramoleculaisurementy =2500 reported in Ref. 11; a possibility is the
hydrogen bond could be favored due, for example, to thalifferent degree of dye purity in the two experimenByes
electrostatic repulsion between the lone pairs of hydroxylA4 and AD1 are the most effective positiyedyes found so
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