10366 Langmuir2007,23, 10366-10371

Ultrafast Infrared Heating Laser Pulse-Induced Micellization Kinetics
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The heating-induced micellization of poly(ethylene oxitg)ely(propylene oxidep-poly(ethylene oxide) (Pluronic
PE10300) triblock copolymer chains was studied by ultrasensitive differential scanning calorimetry, laser light scattering,
and fluorescence spectrometry with a fluorescent probe, 8-anilino-1-naphthalenesulfonic acid ammonium salt. The
critical micellization temperatures obtained from the three methods are similar. The micellization kinetics was studied
in terms of changes in the fluorescence and Rayleigh scattering intensities after an ultrafast infrared heating laser pulse
(~10 ns)-induced temperature jump. The increases in the fluorescence and Rayleigh scattering intensities in the
millisecond range can be well described by a single-exponential equation, corresponding to the incorporation of
individual triblock copolymer chains (unimers) into large spherical micelles. The increase in copolymer concentration
or the initial solution temperature decreases the characteristic transition time. In general, the fluorescence measurement
has a better signal-to-noise ratio but leads to a transition time that is slightly shorter than that from the corresponding
Rayleigh scattering measurement for a given copolymer solution.
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the ultrasonic relaxatiof?:3340The results reveal more than one K(C—-Cend 1 1 5

kinetic processe® 37 The fast one is in the range of 062 ms, TROQ M_W(l 3R ) T2A(C—Cono (1)
which was attributed to the incorporation of individual triblock

copolymer chains (unimers) into large spherical micelles. whereK = 472(dn/dC)2(Nalg?) andq = (4zn/ig)sin(@/2) with C
Holzwarth and co-worke?&3’suggested that another processin - gn/dc, N, andz, being concentration of the polymer, the specific
the range of 0.2100 ms might be related to micelle restructuring - refractive index increment, Avogadro’s number, and the wavelength
and the slowest one occurring near the cloud point could be of light in vacuum, respectively. The refractive index increment
attributed to intermicelle aggregation or fusion. However, Zana (dn/dC = 0.124 mL g?) of PE10300 in water was measured by
and co-worker&34 thought that both the second and third using anovel differential refractometer atZBand 633 nnt°>Cewic

processes could be due to the formation and breakage of larges the critical micellization concentration of the copolymer ata certain
micelles. temperature. In this studyR,?[q? is much smaller than 1. In dynamic

. . LLS, the Laplace inversion of a measured intensitytensity time
Note that the previously used fluorescent probe, 1,6-diphenyl- correlation function G(t, g)] in the self-beating mode can result

1,3,5-hextriene (DPH), is hydrophobic and mainly located inside iy, 3 jine-width distribution of (I')]. For a pure diffusive transition,

the insoluble hydrophobic PPO core, reflecting the microenvi- 1 is related to the translational diffusion coefficiedtby /g2 =
ronmental change bearing the PPO block. This is why Holzwarth p at ¢ — 0 andC — 0 or a hydrodynamic radiug, by R, =

and co-workers found that the fluorescence intensity remainedksT/(6777D) with ks, T, andy being the Boltzman constant, absolute
a constant before increasing to a maximum in the second stagetemperature, and solvent viscosity, respectively.

In this study, we choose the hydrophilic 8-anilino-1-naphtha- Fast Infrared Laser Heating. The second harmonic (532 nm)
lenesulfonic acid ammonium salt (ANS) as a fluorescent probe Of an Nd:YAG laser (Spectra Physics, Lab-170, 10 Hz) is filtered
to study the formation kinetics of the hydrophilic PEO shell With ~71% pass ofits fundamental emission at 1,064 An optical
during micellization by using our homebuilt fluorescence isolator including a thin-film polarizer and a quarter wave plate is
spectrometer equipped with an ultrafast pulsed infrared heatingplaced behind the filter to prevent the leakage of backward 1.064

| 10 W both the f dﬂm radiation and Brillouin scattering into the lagéihe laser beam
aser (-10 ns). We can measure bo € Tluorescence andis then focused into one Raman cell made of a stainless steel tube

Rayleigh scattering intensities. The characteristic transition times jth two quartz windows (80 cmin length, 26 mm in diameter, filled
determined from the changes in both intensities are compared.with 40 atm of methane). The emerging beam, consisting of a seed
1.54um laser pulse and some remaining fundamental emission at

Experimental Section 1.064um, is collimated and refocused by two lenses 500 mm)
) ) . into another Raman cell (100 cm in length, 26 mm in diameter, filled
Materials. Poly(ethylene oxidep-poly(propylene oxidep-poly- with 40 atm of methane)4° Residual pumping light is removed

(ethylene oxide) triblock copolymer (PE10300) was kindly provided py a dichroic mirror mounted at45° reflecting most of the 1.54
by BASF AG, Ludwigshafen, Germany. The listed weight content ,;m jight while allowing more than 92% of the 1.064n light to
of PEO Weeo) is 30%, and the molar mass of PPReeq) is 3250 pass. Finally, two such dichroic mirrors are used to direct the pulsed
g/mol. The copolymer was purified by six extractions with hexane 1 54,,m laser beam into the solution, providing a further reduction
to remove impurities, including diblock PEEGPPO chains. The  of the Nd:YAG fundamental emission. In this way, conversion to
copolymer purity was checked by dynamic laser light scattering higher-order Stokes and anti-Stokes lines as well as the intensity
until no extra peak was observed in the measured characteristicf|yctuation of 1.54um light, are suppressed efficiently. A filter is
relaxation time distribution at higher temperatunidste that such also used to pass90% of the 1.54:m light but absorb most of
a purification process isitally important for a credible study of this  yisjble light so that the effect of anti-Stokes lines is minimiz&d.
kind of triblock copolymerAfter purification, H-NMR shows a Such converted laser heating pulses (1&#% ~2 mJ/pulse at 10
slightl_y'different characterization in comparison with that of the Hz) can induce a fast temperature jump of an aqueous solution as
unpurified copolymer, namelyVeeo = 33 Wt %, Mpe1030fLLS) = a result of its absorption by the overtone of the-# stretching
6.0 x 10° g/mol, Mpe103o¢GPC) = 6.5 x 10° g/mol, andM./My vibration in HO.59-52 The laser pulse is focused into the middle of
(GPC)= 1.17. FromM,, (LLS) andMw/M, (GPC), we estimated  the solution with a cross section 6f0.8 mn? by a lens { = 800
the average structure of purified PE10300 to be;PQsEO1e.  mm). Note that the fluorescence and light-scattering volumes are
Water distilled three times was used as the solvent. A stock solution mych smaller and are located in the center of the heated volume.
of ANS (10.6 mM) was prepared by directly dissolving ANS in A 200-W high-pressure mercury lamp (Shanghai Hualun Bulk
water. Each solution mixture of PE10300 and ANS was prepared Factory) as the fluorescence and light-scattering light source is used.
by adding the ANS stock solutions to an aqueous solution of PE10300ye used a heat filter (GRB3, from Jiangsu Haian Yaguang Scientific
under stirring. The final ANS concentration was determined by using g Educational Equipment, China) to absorb the infrared radiation.
the adsorption at 350 nm with an extinction coefficient of 8.0° Two quartz lensesf (= 50 and 90 mm) are used to collect and
M~ cm-tAataz collimate the photon flux from the light source. A filter with a
Laser Light Scattering. Acommercial LLS spectrometer (ALV/  transmitting window (245400 nm) is placed behind the second
DLS/SLS-5022F) equipped with a multidigital time correlator lens ¢ = 50 mm). One pinhole (1 mm) is used to reduce the size
(ALV5000) and a cylindrical 22 mW UNIPHASE HeNe laser o of the incident facula. A leng & 30 mm) located in the middle of
= 632.8 nm) as the light source was used. In static t¥8the the pinhole and the center of the solution infe-2f configuration
angular dependence of the absolute excess time-average scattering used to transfer the probe beam into the solution. The fluorescence
intensity, known as the Rayleigh raf,(q), was recorded, and we  or the scattered light is collected by two quartz len$es 40 and
were able to obtain the weight-average molar m&&g (the root-

mean-square radius of gyratidR,?(J*? (or (Ry), and the second (45) Wu, C.; Xia, K. Q.Rev. Sci. Instrum.1994 65, 587.
virial coefficient (&) by using (46) Kazzaz, A.; Ruschin, S.; Shoshan, I.; Ravnitsky|EEE J. Quantum
Electron.1994 30, 3017.

(47) Ameen, SRev. Sci. Instrum 1975 46, 1209.

(39) Kositza, M. J.; Bohne, C.; Hatton, T. A.; Holzwarth, JFfog Colloid (48) Wang, J. P.; Gan, D. J.; Lyon, L. A.; EI-Sayed, M.JAAm. Chem. Soc.
Polym. Sci.1999 112, 146. 2001, 123 11284.

(40) Thurn, T.; Couderc-Azouani, S.; Bloor, D. M.; Holzwarth, J. F.; Wyn- (49) Yamamoto, K.; Mizutani, Y.; Kitagawa, Biophys. J.200Q 79, 485.
Jones, ELangmuir2003 19, 4363. (50) Turner, D. H.; Flynn, G. W.; Sutin, N.; Beitz, J. V. Am. Chem. Soc.

(41) Shastry, M. C. R.; Udgaonkar, J. B.Mol. Biol. 1995 247, 1013. 1972 94, 1554.

(42) Kumar, Y.; Muzammilt, S.; Tayyab, S. Biochem2005 138 335. (51) Turner, D. H.; Flynn, G. W.; Lundberg, S. K.; Faller, L. D.; Sutin, N.

(43) Zimm, B. H.J. Chem. Phys1948 16, 1099. Nature1972 239, 215.

(44) Chu, B.Laser Light Scattering2nd ed., Academic Press: New York, (52) Williams, A. P.; Longfellow, C. E.; Freier, S. M.; Kierzek, R.; Turner,

1991. D. H. Biochemistry1989 28, 4283.
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50 mm). Another pinhole (1 mm) is placed in front of a
photomultiplier tube (PMT, R928, Hamamatsu) to eliminate some
stray light. A cutoff filter (450 nm) and a heat filter (GRB3) are
placed in front of the PMT. The sample cell consisting of a pair of
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scattering / IToluene, 25°C

quartz windows with a 20@m spacer is thermally controlled to a 30t e

precision of+£0.1 °C by a heating bath. _ A770.01 gmL
Each heating laser pulse jumps the solution temperature and shifts 0 .

the unimer< micelle equilibrium. The transition kinetics can be 18 24 30 36

studied by monitoring the change in fluorescence (ANS) intensity T/°C

or Rayleigh scattering intensity. Each data point was normally Figure 3. Temperature dependence of the relative scattered light
averaged over measurements repeated 512 times so that the signaintensity of different PE10300 aqueous solutions. The inset shows
to-noise ratio was improved. Using a 5.8kmatched resistance,  intensity distributions of the hydrodynamic radius in one PE10300
we are able to observe the change in fluorescence or Rayleigh lightaqueous solution at two different temperatures.

scattering intensity of aqueous solutions with a short dead time of

~2 us. Cogroo = 0-01 g/mL

Differential Scanning Calorimetry and Fluorescence Spec- 5 [ [ANS] =118 uM
trometry. An ultrasensitive DSC (VP DSC from MicroCal) was o T/
used. The volume of the sample cell was 0.509 mL. The reference ~ I
cellwasfilled with deionized water. PE10300 solutions were degassed g ;g';
at 25°C for half an hour. The heating rate was 1W@Ymin. The g I 277
fluorescence spectra were recorded on an LS-55 spectrophotometer E 27.0
by using a quartz cell with an optical path length of 0.5 mm. The -} 26.0
temperature of the samples was monitored by a thermometer with A 18.8
a precision 0f+0.1 °C. Y ——

400 480 560 640
Results and Discussion Wavelength / nm

Figure 4. Temperature dependence of the fluorescence emission

We first Stu_died the micellization _O_f PE_GPPO__PEO in . spectra of the hydrophilic fluorescent probe (ANS) in one PE10300
agueous solution by using ultrasensitive differential scanning aqueous solution, where, = 365 nm.

calorimetry (US-DSC), a sensitive method for measuring the

energy change in polymer associatf8ii¢ Figure 1 shows the Figure 3 shows the temperature dependence of the relative
temperature dependence of the specific heat capaCijydf Rayleigh scattering intensityl/{owend Of different PE10300
different PE10300 aqueous solutions. The endothermic peakaqueous solutions. At lower temperaturtoiueneis nearly a
indicates the dehydration of PPO at higher temperatures duringconstant, indicating the existence of only individual chains with
micellization. The arrow in Figure 1 shows how the critical gp average hydrodynamic radiu®R{d) of ~1.8 nm at infinite
micellization temperatureTgyr) is defined in our DSC experi-  dilution. The increase ifl oencin the higher temperature range
ments. It is clear thaffcwr decreases as the copolymer yeflects interchain association (i.e., micellization). Note gl

concentration increases. also abruptly increases and approache€g nm at higher
Figure 2 summarizes howicwr depends on the PE10300 temperatures, as shown in the inset, and the average hydrodynamic
concentration. The line represents @ewc—Tcmr boundary, radius (R o) becomes~7.5 nm at infinite dilution. Both the

dividing two different phases, namely, individual copolymer unimers and the resultant micelles are narrowly distributed, similar
chains (unimers) without any micelle and the coexistence of to literature value$§®

micelles and unimers, whef@cwc is the critical micellization Figure 4 shows the temperature dependence of fluorescence
concentration for a given temperature. Quantitativébyyr = emission spectra of ANS in aqueous solutions of PE10300. Note
(17.3+£0.2) — (3.8+ 0.1)g(Ccwmc) in the temperature range of  that ANS shows no fluorescence in pure water but is highly
23.0-31.0°C. Besides DSC, we also studied micellization by fluorescent in a low polar environment. The dotted line shows
using laser light scattering (LLS) and static fluorescence the blue shift of the maximum in the emission spectra with
spectroscopy. increasing temperature because micellization traps a small amount
of ANS in the hydrophobic PPO core even though most of them

(53) Schild, H. G.; Tirrell, D. AJ. Phys. Chem199Q 94, 4352.
(54) Ding, Y. W.; Ye, X. D.; Zhang, G. ZMacromolecule2005 38, 904. (55) Zhou, Z. K.; Chu, BMacromolecules988 21, 2548.
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Figure 5. Temperature dependence of the fluorescence intensity Figure 7. Time dependence of temperature jump-induced change
(Aemission= 476 nm) of hydrophilic fluorescent probe (ANS) inone i, fjyorescence intensity of a hydrophilic fluorescent probe (ANS)
PE10300 aqueous solution. in one PE10300 aqueous solution under different laser powers.

Table 1. Critical Micellization Temperatures (Tcur) Determined
by Differential Scanning Calorimetry, Laser Light Scattering,
and Static Fluorescence Measurement.

The fluorescence intensity sharply increases within a few
milliseconds, which is what we are interested in. The complete
relaxation back to its original level after100 ms reflects the

Cretomo 0.01g/mL _ 002g/m. _ 0.03g/ml heat dissipation and the dissolution of large micelles back into
$CMT EELSS%) ;g-g 223377 222279 individual copolymer chains and small micelles before the next
cMT . . . i i i
Tour (fluorescence) 6.0 549 537 heating laser pulse. Therefore, we set the time interval between

two heating laser pulses to be 100 ms to ensure no residual
heating effect when the second laser pulse comes. In this way,
we are able to repeat our measurements many times and average
them to increase the signal-to-noise ratio.

Figure 7 shows an enlargement of the initial time dependence

aThe concentration of the hydrophilic fluorescent probe (ANS) is
fixed at 118uM.

B % CPElomo =0.02 g/mL
[m]

of fluorescence intensity after the solution is irradiated with

= PP
< % T,=29°¢ different laser powers. All of the curves are well fitted by a
\8 - e [ANS] =472 uM single-exponential function
=
g le(t) — 10) -
= 00) —
= lHeating laser pulse F( ) F( )
i X X X ] wheret, 0, andeo denote fluorescence intensities at titre t,
0 25 50 75 100 0, andeo, respectivelyt is the time after the heating pulse, and

t/ms 7 is the characteristic transition time. The fitting of each set

Figure 6. Temperature jump-induced change in fluorescence of experimental data points with eq 2 leads to a value of

intensity of a hydrophilic fluorescent probe (ANS) in one PE10300 that is nearly constant when the laser power is lower than 2.2
aqueous solution. mJ but decreases as the laser power further increases. This is

reasonable because a higher heating power leads to a deeper

are inside the hydrophilic PEO shell. The trapping as well as the quench into the phase-transition region so that the transition
dehydration of the hydrophilic PEO shell decreases the polarity becomes faster. In this study, we made a compromise between
around ANS. Itis this unique property that makes ANS awidely the gquenching depth and a sufficient signal-to-noise ratio, namely,
used probe for the polarity evaluation of its binding sk&s. keeping the laser poweto] at 2.2 mJ, which can lead to a

Figure 5 shows that the fluorescence intensity at 476 nm temperature jJumpXT) of ~1 °C, estimated on the basis of the
remains nearly constant in the low-temperature raifger, absorption of electromagnetic radiation at 1,564 andAT =
marked by the sudden increase in fluorescence intensity, decreaséds[1 — exp(-2.303AL)/cL, wherelo is the incident radiation
as the copolymer concentration increases, similar to the resultsintensity (caicm=?), c is the heat capacity of the medium in
in Figure 3. As shown in Table 1, there is no significant difference cakcm-deg, L is the length of the heating path, aAds the
among the values dfcyr from different methods. It should be ~ Medium’s absorbance percm. In this stuzky, 1 catem3-deg,
stated that the values Béyr listed in Table 1 are35°C higher L =0.02 cm,| = 0.066 caicm 2, andA = 5.3 cm.>* Such a
than those reported for a similar triblock copolymer (P1g3;o ~ témperature jump can change the fluorescence intensity by up
= 3465 g/mol andeeo= 30%)57 The higheTcwr may reflect to 6%. Note that the association rakg) is obtainable because
a small difference in the copolymer composition and/or sample the laser heating rate is much faster than the association rate.
purification. After establishing the above relations between the However, the heat-dissipating rate is slower than the micelle
copolymer concentration afgyr, we studied the micellization ~ dissociationrate. This is why we cannot measure the dissociation
kinetics by measuring the time dependence of the fluorescence’ate ) from the intensity decay in Figure 6.
intensity after the fast laser heating pulse. Figure 8 summarizes the initial temperature dependence of

Figure 6 shows the typical time dependence ofthe fluorescenceth€ characteristic transition time in the presence of different

intensity after the heating laser pulse-induced temperature jump.2mounts of ANS. It is clear that the ANS concentration has
nearly no effect on the micellization kinetics of PE10300 in

aqueous solutions. We can also monitor the micellization kinetics

(56) Azzi, A. Methods Enzymoll974 32, 234.
(57) Alexandridis, P.; Holzwarth, J. F.; Hatton, T. Wacromolecule4994
27, 2414.

(58) Palmer, K. F.; Williams, DJ. Opt. Soc. Am1974 64, 1107.
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Figure 8. Initial solution temperatureTp) dependence of the  Figure 11. Copolymer concentration dependence of the characteristic
characteristic transition time) of one PE10300 aqueous solution  transition time ¢) determined from the temperature jump-induced
with different amounts of fluorescent probe ANS. fluorescence intensity change, wh&gyc = 1.2 x 10-3g/mL. The
inset shows plots d{(C—Ccmc)/Ry VS (C—Ccmc) for PE10300 in
water at two different temperatures.

there is a distinct advantage to using a hydrophilic ANS probe
in the current study of triblock PEGPPO-PEO copolymers;

=
o Fluorescence namely, the change in ANS fluorescence intensity can reflect the
i e St e incorporation of individual unimer chains into a micelle. The
= [ANS] = 118 uM short.e.rr' shows that the fluorescence measurement has a higher
T =242° sensitivity.
- i Figure 11 shows the concentration dependenaefiam the
il ! I | fluorescence measurements at°28 where ther values were
0.0 0.5 1.0 1.5 20 interpolation by curve fitting. On the basis of the Aniansson
t/ms Wall formalism31:59.80(1/rq,orescency is @ linear function of the

Figure 9. Time dependence of Rayleigh scattering and fluorescence copolymer concentratiorC)
intensities from one PE10300 aqueous solution after the heating

laser pulse-induced temperature jump. — +
P P P 1 - k_2 + E;Téc — Cemc) 3)
. C/ (gmL) THuorescence O
0, - " :ﬁg o 8'8; wherek™ andk™ are the association and dissociation rate constants,
A e § "A and A": 0.03 respectively[INClando are the average aggregation number per
g e 2 ° o To28°C micelle and the relative width of the aggregation number
- © - J distribution, respectively. From the intercept of each lin€at
© 10 a * ° u = 0in the inset of Figure 11, we can respectively determine the
2 ® ¢ " values ofMy, of individual chains and the resultant micelles at
[ANS] = 118 M A R o o 28°C to be 6.0x 10° and 1.4x 10° g/mol. Therefore, from LLS
and DSC measurements, we know tidfi~ 24 at 28°C and
10‘221 2'4 2'7 3'0 Cemc &~ 1.2 x 1078 g/mL. On the basis of eq 3, the slope of the
. line in Figure 11 leads tk" ~ (6.84- 1.0) x 1® mol~*dmés™1,
To /°C which is similar to values from the studies of other plurorics,

Figure 10. Initial solution temperature T¢) dependence of such as for P84MPP(?= 2500 g/mol andNeeo = 40%, EQq-

characteristic transition timeg)( respectively, determined from  PQ:3EOi0) at 27°C with k¥ ~ 1.8 x 10’ mol™* dm® s™* and for

temperature jump-induced changes in Rayleigh scattering (filled L64 (Mppo= 1740 g/mol andNeeo = 40%, EQ3POs0EOs3) at

symbols) and fluorescence (open symbols) intensities of three 43 °C with k™ ~ 2.5 x 108 mol~1 dm?® s~1. The highek* value

PE10300 aqueous solutions. can be attributed to a shorter PEO block or a shorter PPO block
because a thin PEO corona makes the insertion of free copolymer

by measuring the Rayleigh scattering intensity. Figure 9 shows chains into a micelle easier. The dissociation rate conskait (

a comparison of the results from the fluorescence and Rayleighdeduced fronCcuc andk™ by Cepe = k 7kt is ~1.6 x 108s ™2,

scattering intensities. The characteristic relaxation time deter- smaller than 1.4x 10° s for L6437

mined from the Rayleigh scattering is longer than that from the

fluorescence measurement. Note that the signal-to-noise ratio in Conclusions

the fluorescence measurementis higher than thatin the Rayleigh 1, thermodynamics as well as the micellization kinetics of

scattering measurement. Thisis becausg inthe Rayleigh S,C""tte”n%urified poly(ethylene oxide-poly(propylene oxides-poly-
measurementa higher voltage was applied to the PMT to increasgethyjene oxide) triblock copolymer (Pluronic PE10300) can be
the output signal strength so that noise also increases. effectively studied by a combination of ultrasensitive differential

Figure 10 shows thatthe characteristic transition time decreaseSycanning calorimetry (US-DSC), laser light scattering (LLS),
as the initial temperature or the polymer concentration increases
either in the Rayleigh scattering or in the fluorescence measure- (59) Aniansson, E. A. G.; Wall, S. NI. Phys. Chem1974 78, 1024.
ment. Note that the two methods result in similar valuesfof ~ (60) Aniansson, E. A. G.; Wall, S. N.; Almgren, M.; Hoffmann, H.; Kielmann,
each given initial temperature. Therefore, in comparison with g tgtl’;'g;tﬁzy ﬁl;zfﬂna%sélsf‘glgjjhhgg Q@f’c%]lﬁigﬁite??:c?s";go%% 91"2’2'

using a hydrophobic DPH fluorescent probe in previous studies, 345.
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and fluorescence spectrometry with a hydrophilic fluorescent surement with ANS as a probe is more sensitive and has a better
probe, 8-anilino-1-naphthalenesulfonic acid ammonium salt signal-to-noise ratio than does Rayleigh scattering.

(ANS), and an ultrafast pulsed infrared heating laser. The critical

micellization temperatures obtained in DSC, LLS, and fluores-  Acknowledgment. The financial support of the Chinese
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(1.e., the incorporation becomes fast). Howevedecreases as Note Added after ASAP Publication.This article was released

LZ%L'EE?J;{%‘;t'OET/éiTESLgre mcri:ﬁgi for a gtgllfg ;cr)npi?alli/mer ASAP on August 18, 2007. Changes were made to the text, and
' uorescenc Rayleigh the correct version was posted on August 22, 2007.

values as well as similar initial solution temperatures and
copolymer concentration dependences, the fluorescence meatA701626K



