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Large deuterium isotope effect in the rotational diffusion of anthraquinone
dyes in liquid solution
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The effect of hydrogen—deuterium substitution on the rate of rotational diffusion of two species

of amino-substituted anthraquinone dyes dissolved in the isotropic liquid phase of
4'-n-pentyl-4-cyanobiphenybCB) and in a liquid mixture of alkanggaraffin has been studied as

a function of temperature. The rotational dynamics was probed by time-resolved detection of
fluorescence depolarization. In 5CB we observe a reduced rotational mobility of the deuterated
species with respect to the protonated ones by up to é8%11 K and a corresponding increase

of 4-5 kJ/mol in the activation energy, as deduced from the temperature dependence. To our
knowledge, this is the largest isotopic effect ever reported for the molecular rotational diffusion in
liquids. In liquid paraffin the effect vanishes. We attribute our findings to an isotopic effect in the
breaking kinetics of the hydrogen-bond between the amino groups of dye molecules and the cyano
group of 5CB that cannot be explained with the known isotopic effect of hydrogen-bond stability.
© 2002 American Institute of Physic§DOI: 10.1063/1.1489422

I. INTRODUCTION structures are shown in Fig. 1. Although 5CB is a liquid
crystalline material that has a nematic phase between 297

ecules in liquid solution is often interpreted in the frameworkand 308 K, our study was limited to the temperature range

of the hydrodynamic Stokes—Einstein—Deby€SED) 311-368 K, in which 5CB is in its ordinary isotropic liquid
model~® The validity of this model is expected to break phase. These materials attracted our interest because of an

& traordinary deuterium isotope effect observed in their ori-

down when the size of the solute molecules approaches th ¢

of the solvent molecules or becomes smaller. In this regime?mat'onal optical nonlinearifi? This was a first indication of

that includes the important case of pure materials, the spét Srong sensitivity of these compounds to deuteration. More-
cific intermolecular interactions between solute and neares@Ver: these materials are well suited to study possible devia-
neighbor solvent molecules become imporfart.The SED tions from swpplg SED pehawor, in connection with the pres-
model can still provide a useful language for discussing date£Nce of specific interactions. Indged, the molecule of HK271
for example by introducing phenomenological coefficientsiS Only a factor 1.6 larger in weight than the molecule of
describing the effective hydrodynamic boundary conditionsCB. The molecule of 1AAQ is 10% smaller than that of
that best take into account intermolecular interactioh®. 5CB. Moreover, we anticipated the possibility that the amino
However, its predictive power is severely limited, as it is notgroups of the dyes could hydrogen-bond to the cyano group
possible to calculate these coefficients from the model itselfof 5CB (see Fig. 1 Since hydrogen bonds are sensitive to
This becomes especially evident when tiny changes of thisotopic substitutiort>**a significant deuterium effect in the
solute molecular structure in a given unmodified solvent leadotational mobility is conceivable. As a reference solvent
to large variations of its rotational mobility. which cannot hydrogen-bond to the dyes, we used a mixture
In the work reported here, we employ the technique ofof alkanes GH,,; with n=20-30(paraffin with a melting
time-resolved fluorescence depolarization to investigate thpoint in the range 325-327 K, from Merck, Darmstadt, Ger-
effect of hydrogen-deuterium substitution on the rotationalmany).
dynamics of dye molecules dissolved in a transparent sol- We prepared the deuterated forms by making an emul-
vent. sion of the dye-liquid solution in heavy water®, allowing
it to stand overnight, and reseparating the two components
by centrifugation. This procedure will effectively replace
with deuterium atoms only the hydrogens of the amino and
We used the dyes 1,8-dihydroxy 4,5-diamino 2,7-hydroxyl side groups of dye molecules, not altering the alkyl
diisopentyl anthraquinon¢HK271, provided by Nematel, and aromatic moieties of dyes and hdsStdhe final dye
Mainz, Germanyand 1-amino anthraquinori@AAQ, avail-  deuteration was verified by looking at the blueshift in the
able, e.g., from Aldrich Chem. Company, Ihdissolved in  absorption spectrum. We find a shift of about 3 nm, consis-
liguid 4'-n-pentyl-4-cyanobipheny(5CB). Their molecular tent with that reported for similar molecules after complete

The rotational Brownian motion of anisotropic mol-

Il. MATERIALS AND EXPERIMENT
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H anisotropyr,=2.1" In 1AAQ, the direction of the transition
0 N—H-r N‘CsHﬁ dipole is theoretically calculated to form an angle of about

scB 15°, with the molecule longest axi$?° small enough to be
@‘@ neglected in our decay-time analysis. The predicted initial
| Intermolecular anisotropy is however reduced itg=0.36. The characteris-
o) hydragen bonding tic rotational time 7, was then determined as,= (7"
1AAQ —7.1) 7L In the diffusional approximation, this time is
W hi given by 7,=1/(6D), whereD is the rotational diffusion
NH O NTH constant?
We tested the setup and the analysis procedure by mea-
©‘© suring the fluorescence lifetime of Rhodamine 6G at 10*
T mol/L in ethylene glycol and in ethanol, finding in both cases
0-H O O—H 7.=3.6£0.1 ns, in agreement with values reported in the
HK271 literature for the case of negligible energy tranéfer This

FIG. 1. Molecular structures of 1AAQ, HK271 and 5CB. Top panel, pos- €NSUres that energy transfer effects can be neglected for our

sible hydrogen-bond between the amino-moiety of dye molecules and thexperimental geomet. As a further test, we verified that

cyano group of 5CB. the fluorescence lifetimes of HK271 and 1AAQ were inde-
pendent of dye concentration in the range 4910 2 mol/L.

deuteration of the amino and hydroxyl grodfsThe com-
plete deuteration is further confirmed by our measurements; nesuLTS
of excited-state lifetime as discussed in the following. Al-
though our samples were kept sealed, the deuteration usually The measured values ef and r, as a function of tem-
lasted for no more than a few days, owing to exchange wittperature, for the protonated and deuterated solutions HK271-
atmospheric humidity. Control samples were also prepare8CB, 1AAQ-5CB, and HK271-paraffin, are shown in Figs.
following the same procedure as for deuterated samples, b@ta), 2(b) and 3, respectively. The main figures report, in
using ordinary pure water 4@ instead of heavy water. In all semilogarithmic scale, the rotational times versus inverse ab-
our measurements these control samples produced resufislute temperaturéerror bars are for a confidence level of
which were undistinguishable from those obtained with nor99%, not including the statistical uncertainty on the response
mal nondeuterated samples. function). The solid lines are best-fits to data based on the
As excitation light to induce fluorescence, we used thephenomenological Arrhenius law= 75 expE,/kT), wherek
pulses generated by a frequency-doubled Nd:YAG laser, havs the Boltzmann constari, is an activation energfbest-fit
ing a duration of about 20 ps, at a wavelength of 532 nm thatalues are given in the figurgsand 74 is a constant. The
allowed efficient excitation of both dyes. The cell thicknessfluorescence lifetimes, of the corresponding samples are
was 1.6:0.1 mm. The dye molar concentration of the solu-plotted in the figure insets.
tions was around I0* mol/L. The sample was placed in a A very large isotopic effect of both lifetime, and rota-
oven for temperature control to within 0.1 K. The transienttional time 7, in both 5CB solutions, and of, only in the
fluorescencé (t) emitted in the wavelength range 650—750 paraffin solution, is evident in our data. The isotopic effect of
nm was detected by means of a fast photodi@®ut 100 7, is our main result and the remaining part of this article
ps rise-time¢ and electronics wit a 2 GHz analog bandwidth, will be devoted to its discussion. First, however, let us com-
for parallel (|) and perpendicularl() polarizations with re- ment briefly on the isotopic effect of the excited-state life-
spect to the exciting light one. The fluorescence signal at théme 7. The ratio of lifetimes for deuterated and protonated
polarization angle of 54.7° was also recorded and found t@amples at the lowest working temperatures is 2.8 at 313 K,
overlap within experimental errors with the combinatidp (4.2 at 311 K, and 1.6 at 328 K for HK271-5CB, 1AAQ-5CB,
+21,)/3. This ensures that detection efficiency of our appaand HK271-paraffin, respectively. We have checked that
ratus is independent of light polarizatibh.The response these ratios do not further increase when the exchange phase
function of the setup was measured by collecting the lightof the deuteration procedure is prolonged or the whole pro-
scattered from an opaque plate placed at the sample positiocedure is repeated, indicating that our procedure leads to
The lifetime 7, of the singlet excited stat®, of the dye complete deuteration of the amino and hydroxyl dye groups.
is determined from a best-fit of the data combinatign  Similar deuterium effects in th&,-state lifetime 7, have
+21, with a single-exponential decay, exp(—t/7,) convo-  been already reported for related dy&$*?° Probably the
luted with the response functidh.For rodlike molecules nonradiative decay channels of stafg associated with
having theS;— S, transition dipole moment along the mol- nuclear vibrations are suppressed by the deuterium substitu-
ecule long axis, the combinatidp—1, is also predicted to tion. Intermolecular interactions and possibly hydrogen
be a single-exponential decay exp(—t/7y). The coefficient bonding must also play an important role in this phenom-
ratio ro=cq/Ce is independent of dye-concentration and la-enon, as we found that the deuterium effectrgrof HK271
ser intensity and gauges the degree of initial excited-dye oriis much larger in 5CB than in paraffin. Solvent-dependent
entational anisotropy immediately after the laser pulse. In th@onradiative decay attributed to intermolecular hydrogen
case of HK271, the dipole moment is indeed along the longbonding has been already reported for anthraquinone

est molecular axi$® which should be reflected into an initial dyes®%?’
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Deuterium isotope effect in rotational diffusion 2189
topic effect of diffusional rotational dynamics ever reported.
It is about twice as large as that reported for pure benzene
(referring to its diffusional degree of freed®”¥ Moreover,
unlike the case of benzene, in our dyes deuteration leads to
an increase of rotational timédecrease of rotational mobil-
ity). The isotopic effect onr, vanishes completelywithin

the uncertaintieswhen HK271 is dissolved in liquid paraffin
(Fig. 9. This shows unambiguously that specific polar inter-
actions, most likely hydrogen bonding, between HK271 and
5CB are the main cause of the effect. The temperature de-
pendence of, for the two dyes in 5CB also shows a signifi-
cant deuterium effect, with a difference of 4-5 kJ/mol in the

238 e % best-fit activation energies. The activation energy that we
2314 obtain from our fits is a phenomenological parameter that has
1.8 %,3 no simple microscopic interpretation. Nonetheless, it is inter-
2 esting to compare our results with the effect of deuteration
77 1 o on the hydrogen bond energy. Typically, this energy change
= is of about 1 kJ/mol or lesk that is not enough to explain
0.8 our results. One could ascribe this discrepancy to a coopera-

tive effect of more than one hydrogen-bond. However, the
dye 1AAQ is unlikely to make more than one intermolecular

’ bond(and in any case no more than tlwbecause one of the
B ) E, =362 0.4 W/mol two hydrogens of the amino group is probably already in-
03— 27 328 29 3 31 32 volved into a intramolecular hydrogen bond with the carbo-

T (103 K1) nyl group of the anthraquinone co?®? Although HK271
FIG. 2. Semilog plot ofr, vs. 1IT for protonated{illed squaresand deu- has the pO.SS_IbI|It){ of formlng more than one intermolecular
terated(open circle mixtures, respectively. Subplot&) and (B) refer to ~ Ponds(but it is unlikely _to have more than two, for the same
HK271-5CB and 1AAQ-5CB mixtures, respectively. Solid lines are Arrhen-reason as for 1AAQ it shows almost the same isotopic
ius fits. E, are the resulting activation energies. The dotted and dot-dasheghange in activation energy. This leads us to associate the
lines are the predictions of the SED model for stick boundary conditi@ns: . . . . . _
p—2.43, andV,,—388 A (dotted fing andV,,—632 A° (dot.dashed ling observed isotopic effect_ with the_break_lng o_f a smgle_ _hy(_jro
(b) p=2.2, Vy=174 A® (dotted line andV 4=414 A® (dot-dashed line ~ 9€N bond. Therefore, since thg isotopic 'Shlft of equn.lbnum
Inset: fluorescence lifetime, vs. T for the same sampldsame meaning of ~€nergy is not enough to explain our findings, the main con-
symbols. tribution to the variation of activation energy must arise from
the change of potential barrier for the breaking of the hydro-

. . _ gen bond, perhaps in connection with the diminished quan-
Let us turn now to the isotopic effect of the rotational {,1, gelocalization of deuteriuf.

time 7, observed for both dyes in 5C&ig. 2). The increase
of 7, induced by deuteration in both cases is of about 40%
the lowest investigated temperatuf@4.3 K for HK271 and
311 K for 1AAQ). To our knowledge, this is the largest iso-

The complexity of the intramolecular photophysics of
ahese dyes, revealed for example in the strong isotopic effect
of lifetimes, imposes maximum care in order to exclude that
we are actually observing some artifact due to an incorrect
interpretation of the fluorescence signal. That this is not the
case is first confirmed by our data in paraffin, where the

049 14 o, ¥ isotopic effect on lifetimg(still large, although smaller than
043@1.2 "o . ié in 5CB) does not result in any apparent isotopic effect of
B L rotational diffusion. Moreover, our interpretation is con-
@0.37 ol Tt .. ég < firmed by the analysis of the initial anisotropy as a func-
Nl B0 34y 3% 360 i'ﬁ tion of temperature, deuteration, solute and solvent. The re-
£ 031 @'.Q sults are shown in Fig. 4. The experimental valuesr of
%@’ (=0.32 for HK271 and~0.25 for 1AAQ are slightly
025 ?'\ smaller tha_n the pr(_adicted on_éQ;4 for HK271 qnd 0.36 for_
E,=22.7% 0.2 ki/mol 1AAQ). This is typical for this sort of experiment, and it
% could be explained for example with fast dynamical effects
0.19——=———= 55 3 qccurring immediate!y after excitation, hid.den py our limited
' YT (103 K1) time resolution, or with some degree of distortion of the dye

molecular structure in its excited state. However, no signifi-

FIG. 3. Semilog plot ofr, vs. 1IT for protonated{illed squaresand deu- cant dependence mf) on deuteration, solvent, and tempera-
terated(open circleg HK271-paraffin. The dotted line is the prediction of

SED model with “slip” boundary conditiong)=2.43 andV ;=388 A%. The ture is observed, so that no artifact on decay times can be

Arrhenius activation energies of both data sets are consistent with that d?OSSibly induceq- Fin_ally, we have p_erformed experiments of
SED, given in the figure. Inset: corresponding fluorescence lifetimes. time-resolved dichroism on HK271 in 5CB, that have fully
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0.4 In HK271-5CB and 1AAQ-5CB, the SED predictions
for “stick” boundary conditiond?® (that give Cs=1.83 for
0351 8505 5 ' HK271 andCs=1.67 for 1AAQ are plotted in Fig. 2 as
5&‘?&9%!;* 3;%@ 295 dotted lines. We can see that for the 5CB solvent our systems
03 ¢ 0032058 3 are in the so-called “super-stick” regime, i.e., almost all data
g "L, lie above the SED line for stick boundary conditions. This
0.25 %%% ﬁih;lii % ;i behavior has no explanation within a pure hydrodynamic
J[’ é;*! 8 % model® A simple way to circumvent this difficulty is to as-
0.2 L] sume that the rotating solute molecule is strongly attached to
one or more molecules of the host, thus behaving as if its
0.15 effective volume is actually larger than the true molecular

310 320 330 340 350 360 370 one. In Fig. 2 we have also plotted, as dash-dotted lines, the

predictions of SED for Vz=V(dye)+V(hosh, without
FIG. 4. Initial anisotropyr, as a function of temperature, deuteration, sol- changingCs. We see that all our data lie below these new
g?e' an?j Sorllgngcﬁ?:feé?ﬁrzgd Fgg;‘)”?é?gn;ﬁﬁgﬁn ::;%1;? lines, indicating that the situation is somewhat in between
alrzmadm?ilrlle(si’ circﬁes, resb;)ecltjive)y deuteratzd and protonatedp 1AAQ-5CB the_ tW9 Eﬁecnve SED behaviors. Moreover, the Arrhenius
(open and filled squares, respectively activation energies of, for both deuterated and protonated

samples are significantly smaller than the predictions of SED

model. We may interpret phenomenologically these findings

confirmed the deuterium-isotope effect reported here. A®Y introducing a microscopic effective solvent viscosify,
these experiments probe the dye rotational dynamics also irsensed” by our dye molecules. 7y, is a manifestation of

the ground-state, they are less sensitive to the excited-stat@e interactions between the solute and solvent molecules.
lifetime. The fact that in our casey,, is larger than the viscosity of

5CB but it has a lower activation energy implies that the

average enthalpic contribution to these dye—5CB interactions
IV. COMPARISON WITH THE PREDICTIONS OF THE is smaller than for 5CB-5CB, even though the resulting fric-
STOKES-EINSTEIN-DEBYE MODEL tion is larger.

Let us now compare our results with the predictions of
the SED model. According to the latter, the rotational time is
given by C,nV/KT, where 7 is the shear viscosity of the V. CONCLUSIONS

host liquid, Cs is a factor accounFing for the anisotropic We have investigated the rotational dynamics of dye
shape of the molecule and depending on the assumed hydrgyp|ecules in a liquid solvent composed of molecules of simi-
dynamic boundary conditions, andy; is the effective vol- |5y size as the solute. Strong deviations from the predictions
ume of the solute molecule. For th(T) of 5CB we used  of 3 standard Stokes—Einstein—Debye model are found in the
the va_lues reported in Refs. 30 and 31, while the viscosity Ofemperature dependence. A very large isotopic effect for
paraffin has been measured by means of a stress controllgggrogen—deuterium substitution is measured, most likely
rheometer in the Couette geometry. The fadfaris tabu-  rejated with intermolecular hydrogen-bonding between sol-
lated in the literature, as a function of the raiibetween the e and solvent. Our results cannot be quantitatively ex-
major an1d78r22|nor axis of the molecule “equivalent plained by means of the known small isotopic effects of
ellipsoid.”™"*““The molecule volume¥ and ratiosp have ~ pyqrogen-bond stabiliti? Therefore, the effect we have ob-
been calculated by using the van der Waals packing radii fogaeq appears to be essentially kinetic in nature, perhaps
each atom, and covalentgbond lengths and 3ar?§|%°SWe associated with an increase of the energy barrier for hydro-
obtainedV(1AAQ) =174 A’ V(HK271)=388 A°, V(5CB)  gen hond breaking upon deuteration. These findings could be
=244 A, and p(1AAQ)=2.2. Owing to the flexible alkyl rejevant for the modeling of a broad class of kinetic phenom-
chains at the ends of HK27p(HK271) is not well defined  ona in which hydrogen-bond formation and breaking is a
and can range from 2.3 to 2.7. For comparison, we caIcuIatepate_”mitmg step, including possibly water viscodftyand

also the average molecular volume of the paraffin S°|Ve”tprotein folding® Finally, our results open interesting per-

_ 3
V(CasHsp) =475 A o _ spectives for the investigation of intermolecular interactions
In the case of HK271-paraffitFig. 3, we find that the  \yhich influence microscopic friction.

activation energy predicted by the SED modé&,€22.7

+0.2 kJ/mo} is in excellent agreement with the best-fit
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