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Quantitative Study of the Hydrophobic Interaction Mechanism between Urea and
Molecular Probes Used in Sensing Some Microheterogeneous Media
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The interactions of 2-phenyl-3,3-dimethyHdndole (@), 2-(p-dimethylaminophenyl)-3,3-dimethyl-5-carboet-
hoxy-3H-indole () and 2-p-aminophenyl)-3,3-dimethyl-5-cyand-indole @) with SDS micelles and o8

and 2-p-aminophenyl)-3,3-dimethyl-5-carboethoxiA3dndole @) with aqueous solutions ¢-cyclodextrin

(B-CD) in the absence and presence of urea, respectively, were studied by absorption and steady-state
fluorescence measurements. It was found that the microviscosity of the interface of sodium dodecyl sulfate
(SDS) micelle sensed Hyincreases greatly, while the change in the micropolarity of the interface sensed by
4is negligible with increasing the urea concentration. The estimated critical micellar concentration (cmc) of
the SDS micelle also increases with the urea concentration. It was also found that the binding cKgstant (

of 3with SDS micelle is reduced by the addition of urea. The steady-state fluorescence measurements of the
stdichiometries of the gues (r 3):5-CD inclusion complexes indicate that two types of complexes, i.e., 1:1
and 1:2 types, are formed. The association constantKi.éor the 1:1 complex an#, for the 1:2 complex,

were obtained for2 and 3 in the absence and presence of urea, respectively. The data reveal that the
hydrophobic effect plays the major role in the stabilization of 1:1 and 1:2 complexes. The addition of urea
gives rise to a remarkable decrease&inand a much greater decreaseKin For 2 in the presence of 5 M

urea, the formation of the 1:2 complex is inhibited completely. The effects of uréq onSDS micelles

and onK; andKj; in aqueous solutions @#-CD are described in terms of its hydrophobic interactions with
2and3. Some more direct evidences about this hydrophobic interaction in SDS micelles and the association
constant between urea aidare also presented. The above results of the hydrophobic interaction between
urea and theB-indoles and of the urea effect on the micellar interface strongly support the direct mechanism
of urea action, through which the mechanism of urea as a protein denaturant can be understood better.

1. Introduction amphiphle or other compounds are very crucial to confirm the

) i . direct mechanism and to understand the mechanism of urea as
Urea is often employed as a denaturing agent for proteins, 5 protein denaturant.

polypeptides, gnd oth_er b_iopolymérsHowe_ver, the_ mec_h_anism In the past few years, our research group has been focused
of this denaturing action is not well established since it involves on the study of some substitutecdH3ndoles in various

simultaneous operation of several. fagtors, such as the effec'[senvironmenté.‘?—% It has been observed that the spectroscopy
of urea on nonpolar, polar, and ionic groups and even the

. . 9. and photophysics of these molecules are largely influenced by
binding of urea by t_he polypeptide chain in a way that favors the nature of substituents in the para position of the phenyl rings.
unfolded conformations. For these reasons, there has bee

ing interest in studvi f the effect of i7ed hey are also sensitive to environmetts?? thus qualifying
growing Interest in studying ot the efiect o ure:iloon organized ynem to act as potential probe candidates for microstructures.
assemblies, such as micelfes reversed micelle$!°vesicles?

| 31 pol 12 and lodextrind314 which So far, we have probed successfully the mean structural
Monolayers;” polymers,= and cyclodextrinsy which are properties of reversed micellésagueous micelle®;26.28and
extensively used as membrane mimetic syst&m3wo dif-

f t hani h b dt lain th surfactant vesicle® It has been also shown that these
erent- mechanisms nave been proposed 1o expiain e ur€dy,ieqyjes are not rigid and that the phenyl ring can librate within
action. One is an indirect mechanigfin which urea acts as

. breaker” facilitating th ati t th the kT energy barriet®"2127 This torsional movement is
ﬁ dwaterbstrucLur_e rfea;] er aﬂ.'tﬁ.tl'ng 'tl'he sor\l/atpn Od_t e responsible for the geometric changes taking place in the ground
ydrocar or; chain of the amphiphile. The other Is a direct 5,4 eycited states and provides an important deactivation
mechanism! whereby urea participates in the solvation of

] ) .~ pathway for the & state. For the ester and cyano para-
hydrophol;nc chain and the polar headg.roups of the a,mph'ph'le’substituted molecules in water, the main nonradiative decay
by replacing some water molecules in the solvation layer.

C imulation8and ; li e pathway has been ascribed to the formation of a nonemissive
omputer simulationsand many experimental investigations, twisted intramolecular charge transfer state (TICT) originating

at a molecular level, support the direct mechanism by sugges_tingin the amino groug22* Very recently, our research group
that urea has a negligible effect on water structure and mainly ¢- +aq the research program of studying the complexation

replaces some water molecules in the solvation layer. It is between substituted-Bindoles and cyclodextrir:3! It was

obvious that studies of the effects of urea on the physical o1 that and5 can form 1:1 and 1:2 (guest:host) complexes
properties of the micellar interface and of the nature of the

ith cyclodextrins®0-31
possible binding of urea with hydrophobic portions of the Wit cyclodextnn

The aim of this paper is mainly twofold. We first want to
study quantitatively the effect of urea on the microviscosity and
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— N TABLE 1: Microviscosities (), Binding Constants Ky),
cmc’s, and KsoKsy)? Values for 3 in the SDS Micelle (20
P mM) at Varying Urea Concentrations

[ureal/M nlcP KJL-mol™?* cmc/mM KsdKsu

0 1.4 11400 7.2
X Y 1 2.0 10340 7.9 1.10
2 2.3 9800 8.3 1.16
; NP}*{ Cé'Et 3 2.5 8640 8.6 1.32
2 2:
N A
4 NH, CN : : :
5 N(CHy), N 6 3.2 2100 10.4 5.43
Figure 1. Molecular structure of the substitutetiandoles. 2 KsoandKsy are the binding constants in the absence and presence

of urea, respectively.

interface of the SDS micelle have been performed. However, gjnce the excited state dipole moment of this molecule is much

to our knowledge, no quantitative data are published in the |qwer than that of its homologs, the polarity and hydrogen-

literature. _ o _ o bonding ability of the solvents do not affect the rotational motion
The second goal of this paper is to investigate quantitatively of the phenyl moiety. Therefore, any restrictions imposed on

the hydrophobic interaction between urea and the qromaticthe excited state phenyl torsion, e.g., viscosity of solvating
surfaces of and3 reflected by the effect of urea on the binding  medium, are essentially reflected in the quantum yield of

(association) constants between these molecules and the SD§jorescence. The following correlation betweab: and
micelle and3-CD. Hydrophobic interactions between ureaand jscosity has been obtain@d:

aromatic hydrocarbons, alcohols, alkanes, and aminoacids are

believed to exist®3° Very recently, Monte Carlo simulatiéh @, = (9.44 0.3) x 10 *(n/cPy? (1)
clearly showed that denaturants do interact with aromatic

hydrocarbons in water. The influence of urea on the interaction we have measured®r values ofl in SDS micelles ([SDSE
betweens-CD and different aromatic compouridé®has been 20 mM) at varying urea concentrations. The microviscosities
also studied to gain a better understanding of the hydrophobic calculated with eq 1 are shown in Table 1.

interaction. But more quantitative experimental evidences are  Owing to the double hydrogen bonding that operates in the

very scarce in the literature. ground and excited state @ in the presence of water, an
. ) empirical equation between the Stokes shift of this molecule
2. Experimental Section and the dielectric constant of various protonated media has been
obtained®

2.1. Materials. The synthesis and purification of the
substituted Bl-indoles (see Figure 1) were done according to
the modified methods of Skrabat al*! and was reported by
PopowycZ2 Analytical grade reagent sodium hydroxide,
methanol, ureas-CD (Aldrich), and electrophoresis purity
reagent SDS (Bio-Rad Laboratories, CA) were used as received

(7, — Pp)lem ' =21.00 + 5173/cm* 2)

We have measured the wavenumbers of absorption and fluo-
rescence oft in SDS micelles ([SDS¥ 20 mM) at [ureal= 0,
1, 2,3, 4,5, and 6 M, respectively, and found that the Stokes

2.2. Instruments. Absorption spectra were recorded on a shift does not change (inside the experimental error) in the range
Phillips PU 8800 and on a Cary 1 Bio UV-vis spectrophotometer of urea concentration from 0 to 6 M. With eq 2 and the obtained

using 1 cm quartz cells. Fluorescence spectra corrected for the e 1 - .
emission detection were measured on a Spex FIuoroIog-2\églr?setacr:ft Sto_kg; ihgv\'/aes o?)(?[g%efjoo e, the dielectric
spectrofluorimeter with a F2T11 special configuration. The 312 S;ectral Characteristics .of 3. Absorption and
excitation and emission bandpasses used were 2.6 nmand 1.9 ~ ™ ) o

nm, respectively. Each solution was excited near the absorption%l:(:)sr2?}?:?:5’6e I\jlpfr(;t;a reefsm ilﬁfef'c’l:tr'gr;shgvt:?nalgsirgz Zr;%
wavelength maximum using 1 cm-path quartz cells. All P  'eSp Y 9

corrected fluorescence excitation spectra were found to beth%Slpgdglng?r?raétoer:'sstg?t Z;ed“éﬁg I'rI]'hLaglsesgéiation of a
equivalent to their respective absorption spectra. oy 9 :

2.3. Methods. Fresh sample solutions were used in the substrate or a probe molecule with a micelle is based on the

absorption and fluorescence measurements. The pH values o;ollowmg equilibrium-

all the solutions in this study were adjusted by adding NaOH Ko

and no buffers were used. The concentration®-eff were Sv t D=5, 3)
10® M and that of 1 was 10° M because of its low ] o o

fluorescence intensity. Stock solutionsof4 were prepared  for which the binding constanKs, is given by

in methanol. The fluorescence quantum yields of the various _

species were measured using the DM3H moldéuls a Ks = [Snl/[SulD il )
standard in methanold{z = 0.24). All measurements were

carried out at room temperature. where [§] and [Sy] denote, respectively, the probe molecule

concentration in aqueous and micellar phase expressed as

molarities in terms of the total volume of the solution, angi]D

is the molar concentration of surfactant in micellar form. The
3.1. Interactions of 1, 3, and 4 with the SDS Micelle. total probe molecule concentrationy][8nd the total detergent

3.1.1. Effect of Urea on Microviscosity and Micropolarity. concentration [} will be [Sy] + [Sm] and [Sy] + [Dm] + cmc,

Our recent studies showed thabelongs to a unique class of respectively. By defining the fraction of the micellar associated

fluorophores in which the deactivation of the excited singlet probe molecule aE= [Sy]/[S], one obtains

state is primarily governed by nonradiative internal conversion

ascribed to an intramolecular torsional relaxation cha###8I2° fi(1 —f) = KLIDJ — [Sdf} — Keme (5)

3. Results
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Figure 2. Absorption (right) and fluorescence (left) spectra (normalized according to the respective absorption maxifBumyafous SDS
environments (pH= 9.5) in the absence (A) and presence (B) of urea, respectively. (A) water (solid); 4 mM SDS (dash); 10 mM SDS (dot); 20
mM SDS (dash dot). (B6 M urea (solid); 4 mM SDSt+ 6 M urea (dash); 10 mM SD% 6 M urea (dot); 20 mM SDS- 6 M urea (dash dot).

TABLE 2: Spectral Characteristics of the Neutral Molecule 3 in Various Environments

Stokes shift  fwhmp fwhmg

medium a2 (cm™Y) e (M1cm™?) VS (cm™1) (cm™) (cm™) (cm™ @ (+£0.01)
water (pH= 9.5) 25600 32500 19 800 5800 5100 3100 0.012
4 mM SDS (pH=9.5) 25500 32600 19 700 5800 4900 3000 0.017
10 mM SDS (pH= 9.5) 25200 41 000 20 000 5200 4600 3000 0.30
20 mM SDS (pH=9.5) 25200 42 400 20 000 5200 4600 3000 0.31
6 M urea (pH= 9.5) 25 300 39900 19 700 5600 5300 3100 0.034
4 mM SDS+ 6 M urea (pH= 9.5) 25200 40 100 19 700 5500 4900 3000 0.046
10 mM SDS+ 6 M urea (pH= 9.5) 25200 41 900 19 800 5400 4800 3000 0.091
20 mM SDS+ 6 M urea (pH= 9.5) 25100 44 800 20 000 5100 4500 3000 0.34

a Absorption wavenumber taken at the center of mass of the absorptiontddothr absorption coefficient at the peak intensity maximum.

¢ Fluorescence wavenumber taken at the center of mass of the fluorescence band.

A plot of f/(1 — f) vs [D] — [Si]f gives a straight line (figures
not shown), from the slope and the intercept of which the
binding constanKs and cmc can be obtained. Experimentally,
f is calculated from the values of fluorescence intensities in
surfactant solutionl}, in water (), and at complete micelli-
zation of the probe moleculd,). The value ofl can be
expressed by the weighted averagd pandly, i.e.,

l=1,1—f)+1f

From eq 6, one obtains

f=0—1)/(n

The binding constants betwe&nand the SDS micelle and
cmc’s at varying concentrations of urea are compiled in Table

- IW)

1 and are also shown in Figure 3A.
3.1.4. Changes in the Fluorescence Quantum Yield®g)

(6)

@)

of the SDS micelle and the hydrophobic interaction of urea with
3, we have studied the changes in e values of3 with
increasing the concentration of SDS in the absence and presence
of urea, respectively, as shown in Figure 4.

3.2. Interactions of 2 and 3 withf-CD. 3.2.1. Spectral
Characteristics. The absorption and fluorescence spectra of
in the aqueous solutions @-CD are shown in Figure 5 and
the spectral characteristics of both and 3 are listed in

Table 3.

3.2.2. Association Constants.First, we consider the forma-
tion of a simple 1:1 complex between a fluorescence substrate
and 3-CD. This process can be described by the following

equilibrium:

K
S+ CD==SCD (8)

where S, CD, and SCD denote the fluorescence subst-ap,
of 3. To further understand the effect of urea on the interface and 1:1 complex, respectively. The equilibrium constanis
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TABLE 3: Spectral Characteristics of 2 and 3 in Their Neutral Forms Complexed tof-CD

Stokes shift fwhma  fwhme
molecule medium vad(cm) M tem) S (ecmh) (cm™) (cm™)  (cml)  ®ge(+0.01)
2 water (pH= 9.5) 27700 32700 20 600 7100 5400 3200 0.024
0.4 mMp-CD (pH=9.5) 27700 32100 20800 6900 5500 3500 0.12
4 mM -CD (pH=9.5) 27700 32100 20800 6900 5400 3800 0.37
5 M urea (pH=9.5) 27500 33800 20 500 7000 5400 3200 0.042
0.4 mMpB-CD + 5 M urea (pH= 9.5) 27500 33400 20 600 6900 5400 3200 0.067
4 mM -CD + 5 M urea (pH= 9.5) 27 600 33300 20 800 6800 5300 3500 0.26
3 water (pH= 9.5) 25600 32500 19 800 5800 5100 3100 0.012
0.4 mMpB-CD (pH=9.5) 25800 39700 20500 5300 5200 3400 0.19
4 mM -CD (pH= 9.5) 26 000 40 300 20 600 5400 4900 3400 0.39
5 M urea (pH=9.5) 25200 38100 19 700 5500 4800 3100 0.026
0.4 mMpB-CD + 5 M urea (pH= 9.5) 25500 41100 20 300 5200 4800 3400 0.075
4 mM -CD + 5 M urea (pH= 9.5) 25900 39700 20500 5400 5000 3400 0.32

a Absorption wavenumber taken at the center of mass of the absorption tidithr absorption coefficient at the peak intensity maximum.
¢ Fluorescence wavenumber taken at the center of mass of the fluorescence band.
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Figure 3. Plots of binding constant and cmc against [urea] (A) and

In(Kso'Ksy) against [ured](B) for 3 in SDS micelles.
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Figure 4. Fluorescence quantum vyield &fas a function of SDS
concentration at [ureaF 0, 3, and 6 M.

then expressed as
K, = [SCDJ/[S][CD] 9)

The classical method for the determination Kf is the
Benesi-Hildebrand double-reciprocal plét. By using the

fluorescence intensities in pure watég)(in the presence of
CD (), and in the complexl{) one obtains the following
relationship3©
(= 1g) = 1KKy(1, = 19[CD]g} + 1/(1, — 19 (10)

The plot of 1/{ — lg) against 1/[CDj should give a straight
line, from the slope and intercept of which one can estirkate
andl;.

Figure 6 illustrates the double reciprocal plot Boxomplexed
to 5-CD. It can be seen that the plot is not well described by
a single straight line and should be better described by two
segments. This implies that a further complexation is possible
followed by that of the 1:1 type. The initial linear portion at
higher CD concentrations might be due to the 1:2 complex,
while the final linear portion at lower CD concentrations is for
the 1:1 complex. Therefore, one has to consider the additional
stepwise equilibrium, i.e.,

K
SCD+ CD==S(CD), (11)

For this equilibrium, one obtains the following equatf§1®

U0 —19) =140, — |0)K1K2[CD]02} +1,— 1)  (12)
whereK; is the stepwise association constant of S(Cand|,

is the fluorescence intensity of the substrate in the 1:2 complex.
According to the linear correlation described by (12), the values
of I, andK;K> can be obtained and therefdfe might also be
obtained.

While the above method of estimating the association
constants does work, it does not weight the data progrly.
Therefore, more reliable values are obtained by the use of a
nonlinear regression routine (NLRY26 At lower concentra-
tions, where the 1:1 complex is suggested, the following
equation is used by rearranging eq 10:

| ={lo+ 1,K,[CD]}{ 1 + K,[CD] g} (13)
The initial values of the two parameteig,(K;) are obtained
from the experiment and the linear regression method, respec-
tively.

In the case of higher concentrations, where both 1:1 and 1:2
complexes are suggested, the following equation is ¢&sed:

| = {IO + IlKl[CD]O + IZKlKZ[CD]OZ}/{ 1+ Kl[CD]0 +
KK [CD1,} (14)

The initial values ofl; andK; are obtained from the results of
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Figure 5. Absorption (right) and fluorescence (left) spectra (normalized according to the respective absorption maxiimyasfouss-CD
environments (pH= 9.5) in the absence (A) and presence (B) of urea, respectively. (A) water (solid); 0.4-@M(dash); 4 mMB-CD (dot).
(B) 5 M urea (solid); 0.4 mM3-CD + 5 M urea (dash); 4 mM3-CD + 5 M urea (dot).
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Figure 6. Double reciprocal plot fo2 complexed tg3-CD in the absence of urea following eq 10. The insert shows the initial linear portion.

the nonlinear regression analysis using eq 13 and thosg of

study the factors influencing the stabilization of the complexes,

andK; are from the results of the linear regression on the basis the ratios of the molecular volume as well askipand InK;
of eq 12. In all cases, the fit converged well with a correlation for the six pairs amon@—5 are listed in Table 5.

coefficientr? > 0.99 (see Figure 7). Results of the nonlinear
regression analysis are listed in Table 4.

The association constankg andK; of 4 and5 as well as
the molecular volumes &—5 are also included in Table 4. To

3.2.3. Effect of Urea onK; and K. In order to study the
effect of urea on the interactions @fand 3 with 5-CD, we
have estimated the values i¥f andK; at [urea]= 3 and 5 M,
respectively. Again, the nonlinear regression method was used
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TABLE 4: Molecular Volumes (V)2 and Lengths of 2—5 and the Association ConstantsK;, K,) for Their Neutral Forms
Complexed tof-CD

KM, Ko/M~2

molecule Vi/A3 I9A YA 1.5A [urea]=0M [urea]=3 M [urea]=5M
2 388 16.6 6.9 9.7 848 130, 2660+ 210 810+ 370, 660+ 80 170+ 20
3 441 17.7 8.0 9.7 1776 350, 5070+ 460 780+ 130, 1260+ 60 540+ 160, 720+ 50
4 332 13.3 6.9 6.4 758 120! 760+ 60
5 382 14.5 8.1 6.4 143@& 220! 18804+ 150

2Taken from ref 26° Calculated from the molecular structure optimized using the AM1 semiempirical m&thdadtal molecular length.
dLength from the indolic nitrogen atom to the left end (see Figure ligngth from the indolic nitrogen atom to the right ehdaken from ref
30.

12 H[CD]10°M™2
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?=0.999 4 1 . ) . L . f . i . !

10.04

7.54

Relative Intensity

1k,

T T T T T
0.000 0.001 0.002 0.003 0.004 0.005 0.006

[CD)yM

Figure 7. Plot of the relative fluorescence intensity versus [¢D}
2 complexed to-CD in the absence of urea. The full line is the
nonlinear regression fit to the experimental data points following eq Figure 8. 1/(I — lg) as a function of 1/[CDj]and 1/[CD}?, respectively
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14. for 2 complexed tg3-CD in the presencefd M urea.
;';’?‘%Eﬁglesﬁg?spg];rgm'ecmar Volumes, In Ky and In Ko, by N,N,N',N'-tetramethyldiaminodipheny! ketoimine, is 60%
greaterin 5 M urea than that without uréd. Using 4-octanoyl-
_ ratio of _ _ 2,2,6,6-tetramethylpiperidinyl-1-oxy as a probe, Baglieinal.?
pair  molecularvolumes _ ratio o, ratio of InK. reported data showing that urea produces an increase of the
3-2 114 1.11+0.06 1.08+0.02 microviscosity at the SDS micellar interface of about 100% in
g:g iig 1%% 8'8? iiggi 8'83 the presencefds M urea. Our quantitative data indicate that
-4 117 1,02+ 0.05 119+ 003 the microviscosity of the micellar interface increases about 130%
2-5 1.02 0.93+ 0.04 1.05+ 0.02 due to the presencef 6 M urea. The effect of urea on the
5-4 1.15 1.104+ 0.05 1.144-0.02 micropolarity of the micellar interface has also been studied

) ] qualitatively>® The investigation of Baglioni and co-workérs
(eq 14). Inall cases in the presence of urea, the fits convergedspows that urea slightly decreases the polarity of the micelle
well with correlation coefficients? > 0.99 and reasonable jnterface, while that of Iglesias and Montenegjiricates that
standard errors at 95% confidence intervals (see Table 4) exceptne solubilization process of urea and its derivatives at the
for 2 at [urea]= 5 M. In the latter case, the estimated results yjcelle interface does not change its local polarity. Our
of the four parameters, |2, Ky, andK; as well as the standard  guantitative result reveals that the effect of urea on the polarity
errors were not reasonable. In contrast, the fit following eq 13 ¢ the micelle interface is very weak.
gave satisfactory results indicating that only a 1:1 complex is  The effect of urea on cmc can also help understanding the
probably formed. Double reciprocal plot farat [ureal]=5 M mechanism of urea action. A linear correlation<0.995, see
only exhibits one linear segment, while the plot ofl }(lo) vs Figure 3A) between cmc and urea concentration is obtained,
1/[CD]¢? does not exhibit a straight line as shown in Figure 8, \vhich can be described by the following equation:
which again suggests that the 1:2 complex is not formed. Thus,

only K; for the 1:1 complex was obtained in this situation. The cme/mM= 7.25+ 0.52([urea]/M) (15)
evaluated association constafts and K, in the presence of
urea can be found in Table 4. This kind of dependence of cmc on urea concentration has been
4. Discussion observed befor#. The dependence of cmc on urea concentra-

’ tion can be interpreted in terms of the interaction of urea with

4.1. Quantitative Effect of Urea on the Interface of SDS the hydrophobic chain of the SDS molectfe.

Micelles. If the direct mechanism of the urea action is true, The discussion on the spectral characteristic3 isfhelpful.

the physical properties of the interface of the SDS micelle will It can be seen from Figure 2 and Table 2 that in the absence of
be altered by the presence of urea. One can see from Table lurea the formation of SDS micelles leads to a red shift, a
that the microviscosity of the interface of SDS micelles increases decrease in the bandwidth, and a large increase in the molar
substantially with increasing the concentration of urea. Similar absorption coefficient in the absorption spectra 8f Similar
results have been obtained in the literati¥®.It was reported phenomena were observed f8rin the micelle of CTAB?

that the microviscosity of the interface of SDS micelle, sensed Water acts as a hydrogen bond donor to the lone pair of the
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terminal nitrogen atoms of the amino- or dimethylamino- S+Db,=S,+U a7
substituted Bi-indole, causing reduced conjugation of the phenyl
ring with the indolic moiety causing a blue shift, an increase in This equation stands for the equilibrium 8fbetween urea
the bandwidth, and a decrease in thealues?32526 These “aggregate” and SDS micelle. Thus, the binding constant in
results thus indicate that the end of the anilino moiety3of ~ €q 17 should b&s, Now, it is clear thaKsdKsy is actually
approaches the interface of the SDS micelle and that this the association constant between urea &nice., Ka.
molecule is shifted from a hydrogen-bonding environment where Monte Carlo simulatiof? showed that there is a short
the terminal nitrogen atom is protonated in water to an optimum distance (e.g., 4.40 A and 4.00 A for uréenzene
environment inside the micelles where it is protected to a certain and urea-naphthalene, respectivéfy between urea and the
extent from water interactions. Since the electron lone pair on surface of aromatic hydrocarbons when hydrophobic interaction
the terminal nitrogen in the dimethylamino substituent is less between them takes place. With this in mind, one can imagine
available for hydrogen-bonding complexation in the electronic that urea molecules interacting with a singlend to aggregate
ground state as compared to the amino substituer®, ifne on a plane, a very small area parallel to the molecular plane of
observed red shift foB is not large as compared to that2# 3, and at a short optimum distance. If this is true, [U] will be
It is interesting to note that in the presendesdVl urea, the ~ diréctly proportional to the cube root of total [urea] and the
formation of SDS micelles gives rise to a negligible red shift Straight line shown in Figure 3B actually indicates a linear
and a smaller increase in the molar absorption coefficient COTrelation between Iz and [U]. When the urea molecules

compared to that in the absence of urea. Two possibilities IN the "aggregate” is viewed as awhole, this kind of dependence

responsible for this phenomenon may be postulated: one is that'S Similar to that on In K (or standard free energy) and molecular

the environment foB in the bulk phase, i.e., the mixture of volume?Z6 Therefore, the linear correlation betweenkpand
urea, SDS monomers, and water does not differ greatly from [ureaP is taken as an evidence of the hydrophobic nature of

that at the interface of SDS micelle where urea molecule has the’\lmteractlo_r;l.d_ he effect of the ch ;
been suggested to replace some water molecules; the other isfsow’ ‘r’:'e wil gcussi e_rﬁ elc 0 L:rea on ftﬁ.c anlgdxla
that 3 might transfer from the interface to the bulk phase on of 3 as shown in Figure 4. The low value ®: of this molecule

addition of urea. Since concentrated aqueous solution of urea” watgr has been mtergrete@ in terms of a formanon of a
induces a red shift of the absorption ®frelative to water as nonemissive TICT staf®:* It is well-known that an increase

shown in Table 1. this transfer should make the red shift less of viscosity leads to a decrease of the TICT rate formation and
obvious when SD’S micelles are formed consequently to an increase®g,*® while an increase of polarity

. _ . results in the opposite effeet. Since both the viscosity and
The decrease of the binding constant with increasing urea PP £

. - h Bt the dielectric constafit of water is increased by the addition
fconceatratlonf(see FlghurebSﬁ() s#ggest%t]_ ata a t nhs eri of urea, the urea effect obr is small (but significant compared
rom the |_nter ace to the bu < phase. IS con |rms_t_e abnove v, the experimental error) in water and, similarly, in SDS
hypothesis made on the basis of spectral characteristics. Here

S ) solutions at [SDS] less than 6 mM. The direct comparison of
we suggest that hydrophobic interactions between urea3and the effect of urea is impossible from [SDS]6 to 12 mM since
in the bulk phase are playing the main role on the transfé&r of

- - the cmc’s of SDS differ at varying concentrations of urea. When
Because pf the_ interaction of urea V\_/Bhand SDS monomers, [SDS] exceeds 12 mMP: of 3 slightly increases again with
one may imagine tha_t the local enwronmgnt_ composed of the increasing the concentration of urea. However, the reason of
Fhree components_wnl be more or less similar to thgt at the pic @ increase at [SDS] exceeding 12 mM is different from
interface of SDS micelle although the former structure is looser. o+ ot [SDS] less than 6 mM. The substantial increase in the
It is quite interesting to note that a plot of K¥/Ks,) vs microviscosity of the micellar interface should lead to an obvious
[ureaP (Kso andKs, denote binding constants in the absence increase ofbe, but this effect is actually compensated by the
and presence of urea, respectively; see Table 2) exhibits agpposite effect owing to the transfer 8ffrom the micellar
straight line with a correlation coefficient= 0.997 (see Figure interface to the bulk phase. Similar results have been observed
3B). for p-toluidinonaphthalenesulfonate (TNS) in SDS and CTAB
Association constant has been employed to reflect the micelles® It can be seen that on the basis of the effect of urea
hydrophobic interaction between urea and aromatic hydrocar- on @, the urea-induced changes of the physical properties of
bons3? It seems then plausible to propose the following the micellar interface and the transfer ®from the micellar
equilibrium: interface to the bulk phase can be confirmed further.
4.2. Quantitative Effect of Urea on the Interaction of
Kq Fluorescent Probes withB-CD. It is quite interesting to note
Sy tU=S, (16) from Table 3 that a small blue shift appears &going from
water to aqueous solutions GfCD, which is contrary to the
whereKj is the association constant and U represents the ureasmall red shift observed fd6.3° For 2, no shift is observed,
molecules directly interacting witBand § can be regarded as  while for 4, a considerable red shift was obseredThe red
the “aggregate” of a singl@ with some urea molecules. Note shifts of4 and5 can only result from the terminal nitrogen partly
that the concentration of this part of urea ([U]) should be in the protected from water interactions into theCD cavity. Thus,
same order of the concentration®&nd is much smaller than  the 1:1 complexes of and5 fitted by the anilino moiety are
the total concentration of urea, i.e., [urea]. The water solvation believed to exist. Because of the structural similarity between
layer of 3 is changed by the interaction of urea, but the 2and4 as well as betweeBand5, the 1:1 complexes ¢t and
interaction betweef and water still exists to some extent. This 3 should be also formed. Actually, the different spectral
situation is similar to that d8 interacting with the SDS micelle  characteristics betweeghand3 show that the amino substituent
as described by eq 3, where the interactiorB afith water is in 2 and the dimethylamino substituent &shift the wave-
not avoided completely by the association3o#ith the SDS number of absorption to different extents. This should be the
micelle since only the anilino moiety a8 approaches the evidence that the 1:1 complexes2&nd3 fitted by the anilino
interface of the SDS micelle as mentioned above. Combining moiety exist. On the other hand, since the hydrogen bonding
egs 3 and 16, i.e., (3) (16), one obtains: between water and the indolic nitrogen increases the conjugation
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of the indolic moiety with the phenyl moie#},a blue shift can
be expected when the indolic nitrogen is partly protected from

J. Phys. Chem. B, Vol. 101, No. 41, 1998219

the hydrophobic interaction mechanism of urea. So far, the
competitive effect of urea in the inclusion process between

water interactions. There is no evidence showing the esterguests ang-CD has been reported by some authigr¥:5557

substituent can shift the wavenumBeérTherefore, the blue shift
of 2 and3 can only result from the effect of the indolic nitrogen.
On the basis of the above discussion, we suggest2thatl 3

are more deeply entrapped into tfe€CD cavity thand and5,
respectively, such that the effect of the indolic nitrogen is
predominant over that of the terminal nitrogen. Clearly, the
situations of4 and5 are opposite. Considering the molecular
lengths of these molecules (Table 4) calculated from an AM1
geometry optimizatioR4 and the internal diameter (6.5 A)
and the length (7.9 A) of th8-CD cavity52 one cannot exclude
completely the possibility of the formation of 1:1 complexes
fitted by the indolic moiety o2—5. Nevertheless, the spectral
characteristics 02—5 cannot provide any definite answer.

In the presence of urea, a blue shift fdican still be seen
when 1:1 and 1:2 complexes are formed. Bothe change of
the absorption wavenumber is negligible in all environments.
As the spectral characteristics a@fand 3 in the presence of

However, to our knowledge, the reported results are mainly on
the 1:1 complex but not on the 1:2 complex.

It is also noted from Table 4 that the effect of ureakonis
more remarkable than d¢y. Double reciprocal plots fa2 and
3 (figures not shown) indicate that the crossing point of the
two segments corresponds to a smaller 1/[©B&Jue or larger
[CD]o value on the addition of urea. This clearly indicates that
urea makes the formation of 1:2 complex more difficult. The
different urea-induced thermodynamic functi&hi the 1:1
complexation process from those in the successive 1:2 com-
plexation process are probably the important factor responsible
for this. Nevertheless, the detailed mechanism is not clear. For
2 with 5 M urea, the competitive effect of urea is large enough
to totally annihilate the formation of 1:2 complexes.

Using a method similar to that in SDS micelles, one can also
estimate the association constant between ure&édraim the
values ofK; in the absence and presense of urea, respectively.

urea are compared with those in the absence of urea, onelhe obtained values are 2.27 and 3.27 at [ured and 5 M,

observes small red shifts. This is not unexpected sthaad

3 probably escape from the cavity ¢#-CD due to the
hydrophobic interactions of urea. The decreasedgf on
addition of urea for bott2 and 3 in the aqueous solutions of
B-CD (see Table 3) further shows thatand 3 transfer from
the 8-CD cavity to the bulk phase.

Table 5 shows that within experimental accuracy the ratio of

In K5 is similar to the ratio of molecular volume for any pair.
However, the similarity between the ratio of# and the ratio

respectively. The values are slightly higher than the corre-
sponding values listed in Table 2, i.e., 1.32 and 2.65, respec-
tively.

5. Concluding Remarks

The quantitative studies through fluorescence measurements
indicate that the microviscosity of the interface and cmc value
of the SDS micelle increase on increasing the urea concentration.
This result reflects that urea does participate in the solvation of

of molecular volume appears only between the two ester- the polar headgroup and the hydrophobic chain of the SDS

substituted Bl-indoles or between the two cyano substituted
3H-indoles, i.e., for the8—2 and5—4 pairs. For other pairs,
the difference between the ratio of IK; and the ratio of

molecule by replacing some water molecules in the solvation
layer.
The reduction in the binding constant betw@emnd the SDS

molecular volumes seems not negligible, although it is not very micelle and in the association constant2afnd3 with -CD

large. The similarity between the ratio of khand the ratio of
molecular volume indicates the hydrophobic effect is playing
the key role in the stabilization of these compleXesspecially
for the 1:2 complexes, in which most of thel3ndole molecule

is entrapped into twB-CD cavities. In CTAB micelles, a very

results from the hydrophobic interactions of urea with the
aromatic surfaces of theseHdndoles. The hydrophobic

interaction is also believed to exist between urea and the
hydrophobic chain of the SDS micelle, which should be
responsible for the increase of cmc. The linear correlation

good linear correlation was obtained between the standardbetween INKsoKsy) and [urea}in SDS micelles foB provides

transfer free energy (or IK) and the molecular volume for seven
substituted Bl-indoles including2—5.2% In the present study,
the linear correlation approximately exists betweerknand
the molecular volume but not betweenKn and the molecular
volume (figures not shown). This is because in the 1:1

a more direct evidence of this hydrophobic interaction. Quan-
titative data about the hydrophobic interaction of urea, e.g., the
association constant, are lacking in the literature. Thus, the new
method suggested in this paper is worth studying further.

The results presented in this paper strongly support the direct

complexes, the solvent effect (interactions with water) on the mechanism of urea action and the methods used provide a way
ester substituent is different from that on the cyano substituent, of understanding the denaturing effect of urea on biopolymers.
indicating that the solvent effect on the 1:1 complexes should

not be ignored completely in this study.
Having ascertained the nature of the interactior? @ind 3
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