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ABSTRACT: Time-resolved fluorescence quenching studies, using pyrene as a probe for micellar environments
in solutions of a telechelic associating polymer based on PEG mwiEh, (dodecyl) hydrophobic end groups,

have been carried out to determine the aggregation number(s) of the micelles. At low [pyrene]/[hydrophobe]
valuesy, quencher-average aggregation numhbiégscalculated from the fitting of the fluorescence decay curves

to the Infelta equation were found to decrease rapidly m&reased. By fitting thél, vs  plots to a cubic curve

[Warr, G. G.; Grieser, FJ. Chem. Soc., Faraday Trans.1986 82, 1813], this observation was shown to be
consistent with a highly skewed, polydisperse distribution of micelle aggregation numbers, described by a weight-
average aggregation number of 75 and a standard deviation of 86. For a given polymer concentration in the range
1.0-2.5 g dL%, the fluorescence decay curves did not produce parallel/lggys time plots, as would be
expected for a monodisperse array of micelles. Instead, the plots showed a characteristic intersection. Simulation
of these curves using Infelta-type equations could not reproduce this behavior, indicating that a more refined
model may be needed. This detailed study of the distribution of aggregation number in associative telechelic
polymers is discussed in the context of recent investigations [Meng, X.-X.; Russel, MAdomolecule2005

38, 593], from which it is suggested that polydispersity of micelle size is to be expected as a normal feature of
such systems.

Introduction measurements have been particularly successful following the
pioneering studies with surfactafit8 and have been applied

to polysoap$, 12 urethane-coupled poly(ethylene oxide) end-
capped with hydrophobic substituedtspoly(ethylene oxide-
b-styrene) di- and triblock¥! random copolymers of 2-(acry-
lamido)-2-methylpropanesulfonate (AMPS) and dodecyl meth-

Associative polymers are soluble polymers containing a small
number of solvophobic groups that cluster dynamically in
selective solvents. Under appropriate conditions of polymer
concentration and solvent environment, such interactions lead
to the formation of a transient network that spans the system, . o ;
thus providing a mechanism for viscosification and structuring. acrylate (DMA)F}_N and hydrophoblg?lly modified alkali
Such materials include, for example, water-soluble polymers SWellable emulsion polymers (HASE). N
bearing large hydrophobic substituehtslydrophobically as- Telechelic as_somatwe polymers h_ave hydrophilic backbones
sociating polymers have enjoyed the greatest use industrially,2nd hydrophobic end groups in which the latter aggregate to
particularly to control the rheology of aqueous formulations form spherl_cal micelles. This aggregation, as well as thelrablll’_[y
leading to enhanced processability or improved end-use ap-t0 form bridges between micelles, profoundly affects their
plication properties. Typical applications include paints, coat- Macroscopic properties, particularly Fhelr r_heolqg|cal behavior.
ings, adhesives, agrochemicals, ceramics, pharmaceuticals, andelechelic polymgrs appear to prowdg .thlckenmg as a conse-
personal care productther developing areas of application duence of their high network connectivity, and the scaling of
include separation media for DNA analy@gssponsive delivery the low shear viscosityjo, is mirrored b_y a change in the scaling
systems for the triggered release of drégsyd in petroleum  ©Of the plateau modulusG. Telechelic polymers are of par-
recovery* ticular interest in that it is simpler to simulate their aggregation

A key feature of water-soluble polymers bearing hydrophobic Pehavior dynamicalff and so provide a means of correlating
groups is their ability to self-assemble into micellar structures. experimentally observable material properties to their simulated
Determination of the aggregation number has therefore becomeP&havior over a range of length and time scales.
the focus of many studies, and this parameter is used to account The aggregation numbers of telechelic polymers have been
for both properties such as the rheological behavior of associa-determined using a variety of methods, including steady&tate
tive polymers and the microstructure of polysoaps. Experimental @nd time-resolved fluoresceng®® static light scatterirg’
determination of the aggregation number of associating polymerssmall-angle neutron scatterid$?® dynamic light scattering/
is also paramount, as this parameter is a key output of numericalviscometry3® and °F NMR 3! Most of these can yield values
simulations of the aggregation process. of average aggregation numbeﬂlthough_ which is_ measured

The experimental techniques that have been used successfullfieépends on the selected method. In their theoretical thermody-
to determine micellar aggregation numbers in polymers are statich@mic approach to the numerical prediction of aggregation
light scattering, small-angle neutron scattering, and fluorescencenumbers of a series of telechelic PEGs end-capped with dodecyl,

quenching of probes such as pyrene. Time-resolved fluorescencd€xadecyl, and octadecyl hydrophobes, Meng and Rissel
calculated the number- and weight-average aggregation numbers

and compared them with experimental values obtained in the
* To whom correspondence should be addressed. h Fet34Th .
T The North East Wales Institute. same study and t 10se measured by ot 4T ey.prgdlcted '
*Leeds Metropolitan University. that the aggregation number would decrease with increase in
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the number of poly(ethylene oxide) segments in the backbone.byproducts and residual reactants, followed by a final precipitation
In addition, they also found good agreement between the on cooling from dry acetone. The polymer was dried under vacuum
predicted values of the number-average aggregation number ofat room temperature and then stored &CAunder nitrogen.

the dodecyl end-capped polymers and those found from experi- Analysis of the polymer by SEC [ Styrogel Mixed-Bed
ments involving static fluorescence measurements. The agreecolumns, LiBr (0.2%) in DMF, PEG standards] indicated the
ment between predicted weight-average and experimentalPresence of only a small fraction of chain extended mateN&l:
weight-average values found in dynamic fluorescence experi- 44 900= Da, M, = 33 700 Da.

ment§334was, however, less good, reflecting perhaps incom-  Time-Resolved Fluorescence Measurement3ime-resolved
plete end-capping of the polyme.The results of other fluorescence experiments involved excitation by a Q-switched Nd:
dynamic fluorescence meaureméh8 were not used for the YAG laser (JK Lasers 2000 Series) capable of delivering up to 1

: . of energy at 1064 nm in pulses of 12 ns durafioin these
comparisons on the grounds that the quencher concentratlonséxperiments, a laser pulse at 355 nm was used which delivered
employed were too high?

g i . typically 0.7 mJ per pulse to a quartz cuvette of 1 éml cm

In time-resolved (dynamic) fluorescence studies of a probe ¢yoss section. Fluorescence from pyrene was collected at right angles
and quencher in a monodisperse array of micelles, the aggregato the excitation pulse. At the concentrations employed (up to 60
tion number determined from an analysis of the Infelta-type uM), where pyrene acts simultaneously as probe and quencher, less
decay8® will be independent of quencher concentration. than 0.1% of the pyrene is converted to fluorescent excited states.
However, in polydisperse systems and where the residence timgn a_lddition, the absorbance of solutior_13_ containing_the prob_e were
of the probe is short compared to the lifetime of the micelle typically less than 0.01, thus providing a relatively uniform
(i.e., a “static process”), it is now well-established that the distribution qf pyrene fluorescence across the exit face of the
aggregation number (determined assuming a monodispers :x?jt\}v?dtﬁ g}gg':]arg'a\?v(;i ?::5%?%2?\23;} fﬁé ?)ty?esnoe nrrr?or\?gmearl
distribution gsfsr;wlcelle size) W'l! depend on the con&:entraﬂon fluorescence signal, which was captured by a R-928 photomultiplier
of quencher>=" In such polydisperse systems, a "quencher ,q siored digitally for subsequent kinetic analysis.
average” aggregation numbeMg, is determined. In the limit

¢ h trati iaht fi Aqueous solutions of the polymer itself were found to exhibit a
of zero quencher concentration, a weight-average aggrega Ior\Neak, very short-lived+15 ns) fluorescence, the origin of which

number can be obtainedlthough this may only be an a5 uncertain. However, for pyrene concentrations more than 10
indicative value. It may be more appropriate then to simulate ;,\m, the contribution to the total emission intensity was less than
fluorescence decays by using an actual or assumed distribution~59%. In the case of the data presented below, this contribution
of micelle size, as has been applied to rodlike surfactant fell within the noise of the signal. There was therefore negligible
micelles®” In the case of polymeric systems, for example difference between the kinetic parameters determined for pyrene
hydrophobically modified polyacrylates (HMPAs), the degree containing polymer solutions and the corresponding values calcu-
of polydispersity of the micellar domains has been estimated lated following subtraction of the contribution from polymer
using time-resolved fluorescence quenching techniétidew- fluorescence.

ever, there has been little, if any, detailed study into poly-  Preparation of Polymer Solutions.Solutions for time-resolved
dispersity in aggregation numbers of telechelic associating fluorescence experiments were prepared by the addition of distilled
polymers. It is the purpose of this study, therefore, to investigate agtse;;cc’iﬁ;?e%p?}f’rs'itgsrgc?jzr?tf E)?Il)e/:nrfwri;( a’;si’;‘;’ﬁ'ggu‘;j ]fgre %ymer
the effect of Sl_JCh polydispersity on th‘? tlm_e-resolved fluores- h. A saturation technique was employed to introduce the pyrene
cence quenching of probe molecules in micelles formed by a

. . . probe into these solutions. The required amounts of a stock solution
well-characterized telechelic polymer derived from 35 kDa PEG ¢ pyrene in acetone (3.2 mM) were introduced into glass vials via

completely end-capped with dodecyl,gCgroups. a micropipet, and the solvent was removed under a stream of
) ) nitrogen. Polymer solution was then added and dissolution of the
Experimental Section probe facilitated by roller mixing of the solutions for several days,

Materials. Poly(ethylene glycol) M1, 35 000 Da), isophorone after_whlch the sample_s were agltated_ at60for 3 h. The cooled
diisocyanate, dibutyltin dilaurate-dodecanol, and pyrene (sub- solutions were centrifuged (120 min, 2500 rpm) to remove
limed, 99%) were purchased from Sigma-Aldrich, Gillingham, UK, undissolved pyrene. In order to prepare solutions in the desired
and were used without further purification. Toluene, hexane, and fange of pyrene concentrations (nominally 280 uM), the
acetone were distilled under reduced pressure prior to use. Hexand€sultant supernatants were diluted quantitatively with appropriate
and acetone were further dried over MgSO amounts _o_f pyrene-free poly_m_er solutlo_n. These diluted solutl_ons

Polymer Synthesis.Poly(ethylene glycol) (50.0 g) and toluene ~ Were eqwhbr_ated by roller mixing. The final pyrene concentration
(100 g) were weighed into a five-ned L reaction vessel equipped N each solution was determlned_ spectroscopically by measurement
with a mechanical stirrer, nitrogen inlet, and a De&tark water ~ Of the absorbance at 337 nm in quartz cuvettes. The extinction
trap, coupled to a Davies condenser. The resultant solution wasCoefficient of pyrene at this wavelength was taken as 35B0*
heated to~130 °C by means of an external, temperature- M~ cm
programmable oil bath and the solvent allowed to distill from the  Dynamic Light Scattering from Aqueous Polymer Solutions.
reactor, thus removing water present in the polyme2-{3 mL) Agqueous solutions of the polymers (0.1 and 1.0 g ¥Lwere
as an azeotrope. The contents of the reactor were then cooled tgrepared by tumbling an appropriate quantity of the polymer with
80 °C, and dibutyltin dilaurate (50 mg) was added, followed by a filtered (0.2um Anopore membrane) distilled water on a roller
large excess of isophorone diisocyanate (6 mol of isocyanate to 1 mixer for 2 days. These stock solutions were further diluted with
mol of PEG OH groups). The reaction was allowed to proceed for filtered solvent to produce aqueous solutions in the concentration
3 h at 80-85 °C under a blanket of N n-Dodecanol was then range 0.05-1.0 g dL"* and equilibrated by roller mixing. Polymer
introduced (12 mol of alcohol to 1 mol of PEG OH groups), and concentrations were verified gravimetrically. Dynamic light scat-
the end-capping reaction was allowed to continue for a further 3 h, tering (DLS) experiments were performed on filtered (04B)
after which the polymer solution was cooled to 45, before the samples at 28C using a Zetasizer 1000HS instrument (Malvern
addition of methanol (30 mL) to react off any remaining isocyanate. Instruments, Malvern, UK). The laser wavelength was 634 nm and
The crude polymer was collected at the pump following precipita- the scattering angle 9qq = 4xns sin(@/2)/A = 1.01 x 10’ m1).
tion in an excess of cold hexane. The resultant autocorrelation functions were analyzed using the

The polymer was purified via multiple reprecipitation from CONTIN algorithm. At the lowest polymer concentrations, the
toluene into cold hexane in order to remove low molecular weight single broad relaxation mode was attributed to the translational
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Figure 1. Huggins plot of reduced viscositys/c, as a function of Concentration / g dL
polymer concentrationg. Intrinsic viscosity, fj, = 0.66 dL g, Figure 2. Variation of the zero shear relative viscosity of aqueous
Huggins coefficientk’, = 5.3. solutions of the polymer as a function of concentration. Photophysical

studies were conducted on solutions in the concentration range

diffusion of the flower micelles, as discussed below. However, at 1.0-2.5 g dL"%, where the viscosity increases strongtfis corresponds

higher concentrations more complex modes of relaxation were to the percolated regime associated with the existence of an infinite
apparent supramicellar network.

Viscometry. The intrinsic viscosity of the polymer was deter- . . .
mined by U-tube viscometry. Polymer solutions were prepared in €nvisaged to involve formation of supramolecular clusters as a

an identical manner to that in the light scattering experiments consequence of intermicellar bridging. As the volume occupancy
described above. Measurements were made at29.0 °C using of the micelles, increases, bridging interactions increase in
a Cannon 75 capillary dilution viscometer (Cannon Instrument Co., number and a polydisperse array of larger clusters are formed.
State College, PA). Selected solutions prepared at higher concentraThe lifetime of a given cluster is likely to be much shorter than
tions were characterized using a rotational rheometer (TA Instru- the hydrodynamic relaxation time of a single micelle; hence,
ments, AR2000) fitted with a concentric cylinder geometry. these structures are by their nature highly transient. The process
of cluster growth continues through the percolation threshold,
c*, where an infinite, sample-spanning cluster is formed. If one
Dynamic Light Scattering and Viscometry Measurements. considers that* ~ 0.4 g dL"* from the inflection in the relative
Viscometry data are shown as the customary Huggins plot of viscosity curve, then the corresponding volume occupancy of
reduced viscosityysg/c, as a function of polymer concentration, the flower micelle¥ is ¢* = c¢*[#]/2.5 ~ 0.11. The photo-
c, in Figure 1. The data are well described by the Huggins physical experiments described below were carried out at

Results and Discussion

equation, which is usually written in the form concentrations between 1.0 and 2.5 g 8LThis corresponds
to ¢ > c*, suggesting the presence of an infinite supramicellar
Nsp n 2% 4+ 1 network under these conditions.
—= c+ .. . . . o o
c [l + kL] (1) The intensity-weighted distributions of the relaxation times

determined from DLS experiments at various polymer concen-
[#7] being the intrinsic viscosity ankl, the Huggins coefficient. trations are plotted in Figure 3. By reference to the compre-
The intrinsic viscosity of the polymer in water was determined hensive study of Alami et al. concerning a;@nd-capped 20
to be 0.664 0.3 dL g* (0.066+ 0.003 nf kg~1). Pham et al. kDa PEG, each of the relaxation modes observed in aqueous
reported values ofif] = 0.47 and 0.51 dL ¢ for Cis and Gg solutions of telechelic associating polymers of this type is
end-capped 35 kDa PEG, respectiv@{However, these materi-  expected to be diffusive in character over the concentration range
als were prepared via direct end-capping with the correspondingstudied T ~ g?).33 It is now useful to benchmark the results of
alkyl isocyanate, so were completely free of chain extended the present study against these previous results. At the lowest
material. Alami et al. reported;] = 0.35 dL g* for a C;» end- concentrations shown in Figure 8 ¢ 0.1 g dL1), a single
capped PEG of lower molar mass (20 kBa&)For simple broad relaxation mode is apparent. This typically spans almost
homopolymers in a thermodynamically “good” solvent, the a decade of relaxation times. Results were reproducible run-
value ofk; is usually around-0.3, increasing te-0.7 at thed to-run and on repeating with freshly prepared samples. By
condition. A value ofk, of 0.3 & 0.1 has been previously reference to previous studies on similar telechelic polyréers,
reported for 35 kDa PE&, although there has been considerable the most appropriate assignment to this relaxation process is
variation in the results cited by different workers. For telechelic the diffusion of discrete flower micellé$.Alami et al. noted
associating polymerg, usually greatly exceeds this latter value an equivalent relaxation mode with an apparently similar
and may be interpreted as a binary interaction parameterconcentration dependence and distribution of time séles.
describing the strength of the intermicellar bridging attraction. However, these authors also noted a much faster me@@ (

In the present casé, was found to be~5.3. Values ofky in us), assigned to diffusion of unimers or oligomeric aggregates.
excess of-12 have been reported for telechelic polymers with In the present study, this “unimers” mode appears to be absent.
long chain alkyl hydrophobes (g).3° At aroundc = 0.4 (Figure 3) the distribution of relaxation times

The concentration dependence of the relative viscosity of becomes broader and more complex, with a suggestion of a
aqueous solutions of the polymer is depicted in Figure 2. Theseshoulder at shorter times. This corresponds to the point at which
data span the dilute regime to the percolated regime, where theviscometric measurements suggest the formation of a rheologi-
viscosity increases rapidly. Mechanistically, viscosification is cally significant network (Figure 2).



6702 English et al. Macromolecules, Vol. 40, No. 18, 2007

4.9 uM pyrene
—— 9.1 uM pyrene
= 13.7 uM pyrene
24,0 uM pyrene

0.79gdL”

0.6gdL’ — N~
0.4gdL”’ T Ne—

02gdL’
01gd” /\ i
0.075 gdL" _/\_

e il

In (/1)

0.07gdL" _/¥
6 . T b T : T
0.055 g dL" N 0.0 2.0x107 4.0x107 6.0x107
| N time /s

0.05gdL . .
r . . ; : ; i : . Figure 4. Fluorescence decay curves from aqueous polymer solutions
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Figure 3. Intensity-weighted distributions of the hydrodynamic
relaxation times determined by dynamic light scattering at various
polymer concentrations. The single, relatively broad, mode at lower 04
concentrations is assigned to the diffusion of single flower micelles.
Photophysical studies were conducted in the percolated regime at higher
concentrationsd = 1.0-2.5 g dL1), where the data suggest more
complex cooperative diffusion within the interconnected network. -1

12.3uM pyrene
—— 23.9uM pyrene
—— 35.5uM pyrene
—43.3uM pyrene

The concentration dependence of the apparent diffusion

In (1)

coefficient of the flower micelle,pp, is commonly described 2
by
Da
PP __ 34
S 1+ kycl#]... (2)
0,app

whereky may be interpreted as a hydrodynamic virial coefficient. 00 1_0410'? 2.0):10" ' 3_0;:10'? 4_0;10"
The infinite dilution valueDo app Was determined to be 8.124 time / s

10*?m? s, The value ofky provides another measure of the Figure 5. Fluorescence decay curves from aqueous polymer solutions
strength of the intermicellar bridging attraction, in a manner containing various concentrations of pyrene (polymer concentration,
analogous td, above. Intermicellar bridging imparts a negative = 1.5 g dL'™).

value to the second virial coefficient, which is in turn reflected

in a strongly negativéy. In the present caséy was found to 15.2 uM pyrene
be —3.8. Pham et al. noted corresponding values-df3 and 0+ _ ——29.9 uM pyrene
—6.8 respectively for & and Gg end-capped 35 kDa PEG; 1% ——41.8 uM pyrene
however, these polymers lacked the isophorone bridging - ——51.8 uM pyrene

moieties present in the polymer of the present study. i
Dynamic Fluorescence MeasurementsAqueous solutions =

of the telechelic polymer at concentrations ranging from 1.0to T

2.5 g dL, containing up to 60.&M pyrene, were excited at -2

355 nm as described above and the fluorescence emission

monitored typically for about 1200 ns following the pulse. Most

experiments were conducted using air-saturated solutions, to 34

avoid foaming on purging with Nand loss of pyrene (presum-

ably due to deposition on the side of the cuvette on purging). . : |

Where comparative experiments were performed both in air and 0.0 2.0x107 4.0x107 6.0x107

with deaerated solutions, no significant differences in the time /s

apparent aggregation numbers or |ntram|cellar_ quenchm_g rateFigure 6. Fluorescence decay curves from aqueous polymer solutions

constants were found (see below). However, differences in the containing various concentrations of pyrene (polymer concentration,

rate of fluorescence decay of the excited pyrene monomer were= 2.0 g dL?).

observed, as expected. In solutions that had been deaerated, the

fluorescence decay rate from excited pyrene monomers (mea-0.03) x 1® s~1. This value can be compared to values obtained

sured in 1.0 g dt! polymer solutions containing 4:M pyrene) for C1oEQg in aerated solutions which ranged from 4<010P

was (3.6% 0.03) x 10° s7L. This value is comparable with the to 6.1 x 10° s71 and which increased with temperature in the

corresponding rates found for pyrene solubilized in micelles of range 15-35 °C, although this latter effect was not discussed

C1,EQs, where values of (2:73.3) x 10° s~1 were obtained? by the authorg?

In aerated solutions of 1.0 g dLpolymer and 4.4«M pyrene, Figures 47 show the effect of variation in pyrene concentra-

the rate of monomer fluorescence decay increased to44.6 tion on the fluorescence decays for aerated polymer solutions

o
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lifetimes to demonstrate, with confidence, that migration of the

0 16.9uM pyrene quencher or probe is occurrifigrurthermore, it has been shown
——35.7uM pyrene that systems in which the micelles are polydisperse may also
——49.2uM pyrene exhibit similar behavior on increasing the quencher concentra-
——60.3uM pyrene tion 37

The experimental data in Figures-4 were subsequently
fitted to eq 3, and the resultant kinetic parameters are sum-
marized in Table 1, together with the correlation coefficid?) (

In (11,

2 as an indicator of “goodness of fit". Also shown are the
correspondingy values { = [pyrene]/[hydrophobe]) and the
3 so-called “quencher average” hydrophobe aggregation numbers,
Ng. Calculation of the latter parameter is based on the following
expression, the original derivation being based on an assumed
T T 4 monodisperse array of micelles:
0.0 2.0x10 4.0x10 6.0x10
time /s [hydrophobeh
Figure 7. Fluorescence decay curves from aqueous polymer solutions Nq = W (4)
corzltgmmdgl_yle)mous concentrations of pyrene (polymer concentration,
=25¢g .

Equation 4 implies that a linear plot of vs [pyrene] would,
increasing in concentration from 1.0 to 2.5 gdjrespectively.  for a fixed [hydrophobe], have a slope equal to the aggregation
The kinetic data are presented in terms of the temporal evolutionnumber,Ng, and a zero intercept. - _

of In(l¢/lo) following the excitation pulsel; and I, being the A number of observations are immediately apparent from
fluorescence intensities at timendt = 0, respectively. Each  Table 1. First, the values @ ((4.5-6.4) x 10°s™*) are similar
plot is typically the average of between 2 and 4 experiments in magnitude and range to those found fqpfs solutions in
and is shown for the first 600 ns of the fluorescence decay for air-** There is little evidence tha, increases with increase in
clarity. A similar effect of increasing pyrene concentration is PYrene concentrationany effect would be small (see Figure
observed for each polymer concentration. That is, the set of 8)- If all A, values are considered, regardiess of polymer
decay curves in each of Figures-# shows a “crossover” or ~ concentration, there is no discernible effect attributable to
common intersection between 100 and 200 ns after the laservariation in the concentration of pyrene. Any variatiorAgis,
pulse, which is somewhat unusual. This intersection becomestherefore, more likely attributable to variations in the concentra-
more obvious at higher polymer concentrations. For monodis- tion of oxygen concentration in the micelle. In deaerated
perse micelles, a series of curves which do not cross and whichsolutions, lower values o&; are generally observed [(3-6.1)
have parallel slopes at longer times are expected, as thex 10°s™*(Table 1)], consistent with values found fos£0s
concentration of quencher is increased. Nevertheless, each ofolutions ((2.8-3.3) x 10° s™).4% It should also be noted that
the plots in Figures 47 was found to fit the following Infelta  for both aerated and degassed solutions @fEQs similar

eq 3 which has been developed previously for the general case2ggregation numbers were measufeiven the difficulties

of an immobile fluorescent probe and mobile quencher, both in degassing the polymer solutions used in this study, where
of which are located in a monodisperse array of micelles and foaming was prevalent, there is insufficient evidence to establish
where it is assumed that occupation of micelles by the probe an effect of pyrene concentration 8 Such an effect, if found

and quencher obeys a Poisson distribuficht! to be linear, can be used to indicate that migration of the probe
out of the micelle within the excitation lifetime is taking place.
I, = lgexp[=At + A; (expAyt) — 1)] 3) However, it is usually difficult to establish that migration is
occurring in this mannefrequiring measurements 8 to be
where made over at least-5 lifetimes? Moreover, an apparent effect
of probe concentration oA, may be anticipated if there is
A, =k, + qu—n significant polydispersity in micelle siZ8.
2 k_+ kq Second, the values of; show a much more distinct
) dependence on pyrene concentration as further highlighted in
_ nkq Figure 9. Here, it appears thaf decreases from about 40
A= (kg + K )? 10’ st at low pyrene concentration to about 1x010” s™1 at
high pyrene concentratiom (= 0.05). For the sake of clarity,
A=kt ko the data in Figure 9 are fitted to a linear relationship from which

it appears that the effect is identical, within likely experimental
and whereky is the rate of decay of pyrene monomer error, for all polymer concentrations.
fluorescencek, is the rate of intramicellar quenching by pyrene, Third, Nq values show a significant inverse relationship with
k; is the second-order rate constant for entry of a quencher into pyrene concentration; these are plotted agajnst Figure 10.

a micelle k- is the rate of exit of the quencher from the micelle, It is the latter observation that is the most significant. It has
andn is the average number of quenchers per micelle. already been established that such “quencher average” aggrega-
In the case where quencher (and probe) do not leave thetion numbers, derived from fitting probe fluorescence decay
micelle during the lifetime of the excited probe, the above curves to the Infelta equation, will show an inverse dependence

equations reduce #, = ko, Az = n, andA4 = k. Migration of on 5 for a polydisperse array of micelle si#e3¢ The above

the quencher during the lifetime of the excited probe is assumedrelationship should hold particularly in the case of lpwalues

to take place whe#, is greater thay and also increases with  (0—0.05)3>36j.e., a similar range to that of this study. This
the concentration of quencher. However, it is probably necessaryhypothesis arises from several assumptions: (i) that the mean
to monitor the fluorescence decay over® excited probe number of probes or quenchers in a micelle is proportional to
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Table 1.
c/gdL? [pyreneliM n gas 16Ay/s1 As 10°A4/s71 R? Ng
1.0 9.1 0.016 air 5.96- 0.06 0.80+ 0.02 4.07+ 0.50 0.984 50.1
1.0 13.7 0.024 air 5.4% 0.08 0.964+ 0.04 2.89+ 0.57 0.953 39.9
1.0 24 0.042 air 5.76 0.05 1.13+ 0.02 1.77+ 0.09 0.994 26.8
1.5 12.3 0.014 air 5.43% 0.06 0.61+ 0.02 3.97+ 0.39 0.979 42.4
15 23.9 0.028 air 5.26 0.03 0.61+0.01 2.56+ 0.09 0.997 21.8
15 35.5 0.041 air 5.7 0.06 0.65+ 0.02 1.97£0.12 0.994 15.7
1.5 43.3 0.051 air 5.6& 0.12 0.83+ 0.05 1.04+ 0.75 0.995 16.4
2.0 15.2 0.013 air 4.76 0.04 0.55+ 0.02 4.074+ 0.60 0.987 41.3
2.0 29.9 0.026 air 5.04 0.06 0.544+ 0.03 2.55+ 0.45 0.979 20.6
2.0 41.8 0.037 air 4.6& 0.08 0.80+ 0.04 1.05+ 0.11 0.989 21.8
2.0 51.8 0.045 air 5.2%#0.13 0.71+ 0.07 0.97+ 0.17 0.981 15.6
2.5 16.9 0.012 air 4,52 0.03 0.54+ 0.01 3.29+0.29 0.994 455
2.5 35.7 0.025 air 5.2& 0.05 0.39+ 0.02 3.10+0.75 0.982 15.6
2.5 49.2 0.034 air 5.5 0.06 0.37+0.03 1.71+ 0.34 0.989 10.7
2.5 60.3 0.042 air 5.5 0.09 0.43+ 0.05 1.04+ 0.22 0.989 10.2
15 12.3 0.014 [N 3.5540.03 0.704+ 0.01 3.39+0.11 0.993 48.7
1.5 23.9 0.028 [N 4,114+ 0.03 0.65+ 0.01 2.62+0.82 0.996 23.3
15 35.5 0.041 [N 3.984+ 0.05 0.81+ 0.02 1.71+ 0.07 0.991 195
15 43.3 0.051 [N 4.66+ 0.05 0.58+ 0.02 1.36+£ 0.58 0.998 115
2.0 15.2 0.013 [N 3.66+ 0.02 0.59+ 0.01 3.62+0.27 0.993 44.3
2.0 41.8 0.037 [N 6.11+ 0.08 0.36+ 0.02 3.43+ 0.65 0.987 9.8

the aggregation number, (i) the number of quencher moleculesin the static limits; i.e., there is no exchange of probe and
in a micelle is independent of the presence of a probe moleculequencher in or out of micelles during the lifetime of the excited
(and vice versa), and (iii) that quenching of fluorescence occurs probe3>-36Progressive addition of quencher molecules will force
the quencher to become more evenly distributed across the
complete set of micelles. As a result, the experimentally

o . . s S determined aggregation number, calculated assuming a mono-
5 —__—————o——;——*—“—"tr‘_' disperse array of micelle size, will show a dependence on
n A, a guencher concentration.
al Similarly, the intramicellar quenching rate constai) (may
also depend on quencher concentration, since the rate of
3 qguenching will be expected to decrease as micelle size increases.

Increasing the pyrene concentration should modify the distribu-
s ] tion of occupied micelles, depending on their number and size,
and hence the aggregated quenching rate constants arising from
the polydisperse distribution micelle size should change with
[pyrene]35:36:41

From the shape of the curve in Figure 10, it is clear that that
Nq does indeed show an inverse relationship wjthout one
which is not linear. It is unlikely therefore that there is a
symmetrical Gaussian-type distribution of micelle size, but

Figkls)fea% ]}/t‘;ﬂf}gggfin trgieuggr?ge{iﬁg?gnerggtggf:efa;% Cg?staaﬂ‘gv sousnStead it is probable that it is a skewed or an exponential
=kg), as a functi py ion. shown for aqueous 36,37 PR :

solutions containing various concentrations of polynlir.c = 1.0 g one: T_he shape_ of the cur\{e n Flgur.e 10 can be fltted.to
dL; a,c=15gdi:v,c=20gdL%: @ c=25gdLL the following equation appropriate to a triangular, exponential,

or skewed Gaussian distributi§h3’

0 T T T T T T T T T T T T
0 10 20 30 40 50 60

[pyrene] / mM

5
_ o’n Ay’ Ep’
il Ng=Ny = 5"+~ + 5 (5)
Here, Ny is the weight-average aggregation numbeis the
- 34 root-mean-square deviation of the distribution, akcand E
N are the raw skewness and kurtosis of the distribution, respec-
S tively. A reasonable fitR2 = 0.81), with no stationary points,
Er 27 of the above equation to the data in Figure 10 was obtained by
regression analysis. This yielded valuedNgf= 75,0 = 86, A
1 = 373000, andE = 7 650 000. Using the same treatment
adopted by Warr and Gries#the skewness and kurtosis were
standardized with respect to a Gaussian distribution using the
0 ————T—————T T following relationships:
0.00 0.01 0.02 0.03 0.04 0.05
’ =2 (6)
Figure 9. Variation in the intramicellar quenching rate constat, 20°

(=kg), as a function of normalized pyrene concentratip(s [pyrene]/

[hydrophobe]). Data are shown for aqueous solutions containing various 1[(E

concentrations of polymel,c=1.0gdLC% @, c=1.5gdL"; a, €= g\ "4 — 3 (7)
c=20gdcy v,c=25¢gdL" o
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Figure 10. Variation in the quencher average hydrophobe aggregation Figure 11. Calculated quencher average aggregation nunitgs

number,Ng, as a function of normalized pyrene concentratipr(=

[pyrene]/[hydrophobe]). Data are shown for agueous solutions contain-

ing various concentrations of polymel, ¢ = 1.0 g dL* (air); @, c
= 1.5gdL™? (air); o, c= 2.0 g dL? (air); ®, ¢ = 2.5 g dL! (air);
O,c=1.5gdL* (N purged);a, c= 2.0 g dL"* (N, purged);v, data
from Vorobyova et at* ¢ = 0.21 g dL=? (air) [35 kDa PEG Gg|. The

a function of normalized pyrene concentration, (= [pyrene]/
[hydrophobe]) for a predicted distribution of micelle aggregation
numbers using the approach of Meng and Rid3gefis 8 and 9; see
text).

Equations 8 and 9 were then used to calculgtas a function

curve is a representative fit to the experimental data calculated using of 7, wheref (N) was calculated foN values up to 300. The

egs 8 and 10; see text.

Note thatl > 0 denotes positive skewness (meamode, i.e.,

a distribution with an asymmetric tail extending to higher micelle
size) ande > 0 means that the distribution is more peaked than
a Gaussian one. Using this approaths 0.29 ande = —0.36.
The latter are consistent with the range of values found for
various model, skewed distributions where valuesifaanged
from 0.011 to 0.910 and where valuesf ranged from—0.162

to —0.39236 From this treatment, therefore, it would appear
that the polymer solutions used in this study exhibit a high

resultant plot is shown in Figure 11. It can be seen that
decreases from a weight-average aggregation nungrof
about 47, aty = 0, to about 34, ay = 0.05. Itis clear, therefore,
that the experimentaly values in Figure 10 cannot be fitted
closely by this particular probability distribution function as it
is not sufficiently skewed.

In a second approach, a number of skewed distributions were
selected in a “trial and error” attempt to use eq 8 to fit the data
of Figure 10. It became clear that, in order to get sufficient
curvature of théNy vs# curve at lowy values, it was necessary

degree of polydispersity in micelle size (hydrophobe aggregation to adopt exponential distributions that had a “long tail” at high

number). In addition, the distribution of micelle sizes has a
positive skewness; i.e., the distribution of the aggregation

number is skewed to lower values and has an asymmetric tail

extending to larger aggregation numbers. The relatively high
value of 86 for the standard deviation would indicate that the
mean aggregation number is lewess than~20 (defined in

N values. A typical fit of this type is given (in Figure 10) by
the following exponential distribution (fax up to 300).

f (N) = 0.2[exp(—(40 — N)/5) + exp(—(60 — N)/100)] 10

Such a distribution is very skewed relative to the theoretical

terms of the number of hydophobes, each telechelic polymer one developed by Meng and Russel, and numerically, the

contributing two hydrophobes to the micelle cer@nd that
there is a “long tail” in the distribution extending well beyond
the weight-average aggregation numbsy, of 75.

greatest proportion of micelles have aggregation numbers
between 2 and 30, reflected by a mean aggregation number of
10.3 and a standard deviation of 165, calculated from eq 10.

In an alternative approach, Warr and Grieser used the Both the experimental data and the fit (from eqs 8 and 10) in
following expression to calculate the quencher average aggrega+igure 10 are consistent with a weight-average micelle size,

tion number Ny

_1 z f(N)N ®)
4y Zf(N)Ne"7N
wheref (N) is the probability distribution function of micelle
size andN is the micelle aggregation number. This equation
can, in principle, be fitted to the experimental data in Figure
10. Two approaches were taken here.

In the first, the theoretical slightly skewed polydisperse
distribution determined by Meng and Russel for g €nd-
capped 35 kDa telechelic polyniémwas approximated by the
equation

f(N) = [exp(—=(N — 1)/N,) —

1
’(Nl — Ny
exp(—(N— 1)IN,)] (9)

whereN; andN, are 20 and 10, respectively.

Ny, of about~84 hydrophobes.

Attempts were also made to simulate numerically the effect
of polydispersity in aggregation number on the rate of pyrene
qguenching in these polymer solutions. This approach involved
estimating the fractional contribution of micelles of a given size
within the distribution to the experimentally observed decay
curve of pyrene fluorescence, using the approach demonstrated
previously by Almgren and co-workers for micelles of low molar
mass surfactanf:37 Essentially, the modeling requires an
assumed distribution of “micelle size” (i.e., aggregation number,
N) and also an empirical equation that allows the calculation
of the intramicellar quenching rate constady = k) as a
function of N. (The approach developed by Almgren equation
uses an inverse relationship between the quenching rate constant,
ks, andN andN2) It is then assumed that the probability of a
guencher occupying a micelle is proportional to the product of
N andf (N), the latter being the micelle size distribution function.

In this way, the contribution of each Infelta-type decay from
an array of micelles of a particular size to the total aggregated
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Infelta-type decay arising from all micelle sizes can be weighted 0.001 to 0.016. When ethylpyrene was used as a quencher, the
and summed. effect was even more marked. Hekg,decreased from 1.4

As a start, to analyze our data, a similar skewed distribution 10’ to 1.0 x 10’ s™! asy increased from 0.001 to 0.016. No
to that assumed by Almgréhbut with a much smaller range  experimental plots were shown, however, so it was not possible
of micelle size was used for the simulation, as defined by eq 9, to ascertain whether the characteristic intersection of fluores-

viz. cence decay curves found in the current study was also observed
in that study.
f(N) = 0.1[exp(-(N — 1)/20) — exp(—(N — 1)/10)] ~ (11) To date, there have been relatively few time-resolved

fluorescence studies of telechelic associating polymers. Two of
these involved polymers with a chain-extended PEG backbone
to give My, in the range 20351 kDa. These polymers also
had variable degrees of end-capping witk; groups (0.96-
1.7 hydrophobes/chain), the hydrophobes being derived from
the corresponding alcohol and linked via coupling in the
presence of isophorone diisocyan&té! There was no evidence
of a polydisperse distribution of micelle sizes in these systems.
%ggregation numbers of 188 were determined which de-
creased with increasing degree of hydrophobic substitution. One
may speculate that the lack of polydispersity in micelle size is
linked to the lower degree of terminal substituticihese
Further modeling of the original Almgren data (in which, at materia!s more closely .resembling nonionic surfactant; on a
low N, kq is about 1652 and, at highN, k, is about 5x 10° S|mpllstlc level. Interestingly, th@{lq values in thesg previous
s-1) showed that the apparekg obtained from the fitting of studies were up to a factor of 1(6) tmles I'ower than in the prgsent
the simulated fluorescence decay curves also changed very littleyvork—values as low as & 10° S being observ_eql._ln .th's
respect, there appears to be considerably more rigidity in these

gnéll;/ ?rllo,nl]nl.cg:;n Xpig?g"fg?gri&ﬁfﬂﬁgﬁf gtinfg(; rpg)r(ﬁ ;?)zhz r_nicelles. It ha_s been speculated that the nature of the chemical
fixed weighted average value fdg, with the small changes Itl)nkag_e tethering th_e hydrophpbe; may ha\{e_e} role here, the
found arising from the variation in the goodness of fit of the ulky isophorone bridges co_ntnbutmg o the ngldlty of the core.
simulated curves to an Infelta equation. Hovv_ev§r3,4 both the Q-,—terr_mnated polymers in these earh_er
In retrospect, it seems clear that this kinetic model does not isc:(lgﬁl[?céai isggh?r%r?gtg:igélastes d?;é)érte:omt:]rgst\évr?‘rzli(n;?nr:f;lc?ro-
allow for the change in the probability of a quencher occupying phobes. It would seem, therefore, that no simple correlation

a micelle as the proportion of occupied micelles becomes . A
significant; i.e., the probability is fixed dt(N)N regardless of exists _between the hature of the linking group and the rate of
intermicellar quenching.

the increasing occupancy of micelles by the quencher. In the
Almgren simulation, for example, the average [pyrene]/[micelle] ~ In another earlier study using a 20 kDa telechelic PEG end-
ratio, As, changes from 0.5 to 4.0 agis increased from 1.25  capped with ether-linked-C,, groups, a hydrophobe aggrega-
x 1073t0 1.0 x 1072, a significant degree of occupancy at all tion number of 28t 3 was determined using pyrene as a probe
quencher concentrations. Similarly, in the current study where and dimethylbenzophenone (DMBP) as quenéheinder these
mean aggregation numbers-e10 were determined, the average conditions kg was found to be about 3.6 10" s~*. When pyrene
occupancy varies from about 0.7 to aboutalso a significant ~ was used as both probe and quencher, as in the current study,
degree of occupancy of micelles by the quencher. Further the aggregation number was found to be-18, at ay value
modeling is therefore required which takes into account the of 0.05, with a correspondink, value of (2.0+ 0.2) x 10’
increasing occupancy of micelles as the amount of quencher ins™1. Some evidence of polydispersity was perhaps evident in
the system is increased. It may be anticipated that the aggregatethe DMBP studies where two different quencher concentrations
intramicellar rate constant, calculated from a simulated fluo- at the same polymer concentration (3.76%) were investigated.
rescence decay curve, will show much larger variations in However, the aggregation numbé{;, was found to decrease
magnitude depending on the type of distribution of micelle size only slightly from 20 to 18 as the [DMBP]/[hydrophobe] ratio
assumed for the modeling. An exponential distribution, with (=) increased from 0.045 to 0.085. At these relatively high
large numbers of small micelles and a much smaller number of values of s, the rate of decrease in the quencher average
large micelles, should ensure that the smaller micelles areaggregation number is usually much smaller than for lower
occupied preferentially at low guencher concentration, with quencher concentrationsl{ is usually much more dependent
consequential higher intramicellar aggregated rate constants. A®n # in the rangey = 0.01-0.05]36 The aggregation number
[pyrene] is increased and relatively more of the larger micelles found for the DMBP experiment was higher than the values
are occupied, the aggregated quenching rate constant willdetermined in the current study which yielded values in the range
decrease. This predicted effect in the variatiokiwith 7 would 10—16 for thec = 1.5-2.5 g dL-* polymer solutions (see Figure
be similar to that found in the current work and is likely to 10). The latter values are however much closer to those found
produce Infelta-type plots such as those found in Figureg.4  when pyrene was used as both quencher and pfdbeay be

For negatively skewed distributions with relatively high propor- therefore that both of the pyrene self-quenching experiments
tions of large micelles, it is anticipated that the opposite trend in this work and in the previous stuthare self-consistent when

in kg would be observed,; i.e., aimcreasein ky as [pyrene] experiments at similap values are considered, although one
increases. It is worth noting here that in a previous study on a must also factor in the differences i between the polymers.
Ci16 35 kDa telechelic polymet using pyrene as quencher, that It could be that both of these telechelic systems are in fact
kg was also found to decrease with increasindn this casekq polydisperse in micelle size. It is also worth noting that
decreased from & 10° to 8 x 10° s71, asy increased from reasonably similak, values were found in both studies, using

Likewise, the empirical formula used by Almgren to calculate
how the intramicellar quenching rate constant might change with
N was adapted to this smaller range Nf Even with this
simplified starting point, it soon became apparent that the
“crossing over” or common intersection of Infelta-type plots,
as found in Figures 47, could not be reproduced. Instead,
calculations produced a series of Infelta-type plots that exhibited
parallel decays at all times. Subsequent analysis of these curve
produced intramicellar rate constants that did not change with
7. In fact, constant values @{(k;) were generated, rather than
the variation in this parameter shown in the experimental data
of the present study (Table 1 and Figure 8).
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pyrene as quencher, i.e., (2400.2) x 10’ s™1,33compared to aggregation number (quencher average aggregation nuiNyper,
~1.0 x 10’ st in the present study. The values of the aggregation numbers found in the current
Two other dynamic fluorescence studies of 35 kDa telechelic study aty values ([quencher]/[hydrophobe]) above 0.05 are
PEGs with simple urethane-linkeelCy6 andn-Cyg hydrophobic similar to those predicted by a theoretical treatment by Meng
groups have been report&?5 Here the parent PEG was end- and Russéf and are also close to values found using techniques
capped by reaction with the corresponding alkyl isocyanates, Which determine mean or number-average aggregation numbers.
thus avoiding chain extension of the backbone. Aggregation The apparent value of the weight-average aggregation number,
numbers of 16 and 21 were reported for thg olyme?* and Ny, estimated in this work~75) is however much higher than
23 for the Gg polymer25 In both of these studies, difficulties  the latter values and provide support for the high degree of
were experienced using the standard Poisson quenching modelpolydispersity implied in this study. Such higher values have
requiring the development of an “extended” model to account &lso been found, either intention&fhpr perhaps unintentionally,
for the data. It is clear, particularly for the;@polymer study,  through a reinterpretation of data by other work&r®.
that the data can be perhaps more easily interpreted in terms of The importance of understanding the fundamental behavior
polydispersity in micelle size. Thus, reconsidering this previ- of telechelic and other types of associative polymers is self-
ously reported data, an alternative explanation would suggestevident, if only for their wide industrial application and potential
an aggregation number decreasing from 122, af amlue of for development in other areas, such as healthcare. Our study
0.005, to 20.5, at an value of 0.1. The higher value (as— has facilitated this understanding. It is equally clear, however,
0) would probably represent a value closer to the weight-averagethat there are areas where understanding needs to be improved.
aggregation numberN,. Selected data from one of these It is not clear, for example, why some apparently similar
studied® are superimposed in Figure 10 for comparative telechelic systems show little if any evidence of polydispersity
purposes. of aggregation numb&rand why some systems show very rigid

It has been shown theoretically that polydispersity in micelle Micellar cores. The role of the chemical linkage (e.g., ether,
size, arising from thermal fluctuations, for ag@nd-capped urethane, bridging blsuret_hane) between the hydroph_lllc_back-
35 kDa PEG is characterized by a skewed distribution in which Pon€é and the hydrophobic group may have some significant
the hydrophobe aggregation numbers are in the rangés8 role and may be worthy of theoretical modeling in itself.
with number- and weight-average aggregation numbers of about It would also appear that further theoretical modeling of
25 and 35, respectiveB?.For a G, end-capped 35 kDa PEG a  @Ssociative polymers is essential for the prediction of the degree

weight-average aggregation number of about 24 was predictedOf polydispersity. The highly skewed micelle distribution

by these workers. supported by our dynamic fluorescence data is markedly
Our study has shown, in some detail, that micelles of a well- diﬁ;rent tczﬁtzhe slightly skewed distribution predicted by Meng
’ ' and Russe¥

characterized ¢ 35 kDa PEG polymer are substantially Additionall ft s 1 del th fl
polydisperse in terms of aggregation number and more so than iionaily, our attempts to model the pyrene fluorescence
decay curves as attempted earlier for polydisperse surfactant

predicted by the above approach of Meng and RuSdsither system&37in order to get a detailed characterization of the

by extrapolation of the quencher average aggregation numbers;”’. . o
Ng, in Figure 10 to obtain a value t= 0 or by assuming an micelle size distribution were not successful and have suggested

exponential distribution of micelles and using eq 5 to fit the that a better model, which takes into account the relative changes

. . : L in the distribution of occupied micelles as quencher is added,
;’ﬁ;ﬁ;&nx;gﬁﬂggﬁl :gg::g;ﬂgg zﬂmngg Ih;ﬁgﬁqm:t should be developed. In this regard, it is noted that the earlier

al3% also measured relatively high values of aggregation numbers'[ljdiegs'37 were also not _vvhollly satisfactgry in this regarq
for 35 kDa Gs and Gg telechelic polymers of 40 and 66 although crucial to the confirmation of polydisperse aggregation

respectively-values, again, presumably close to the weight- as an alternative explanation of the effect of quencher concen-

average values. Our results, taken together with findings suchtration on the decay kinetics of the probe’s fluorescence.
as these, as well as the possibility of reinterpretation of previous
dynamic fluorescence dafe> suggest strongly that polydis-
persity of micelle aggregation number is the normal expectation
of telechelic associative polymers. Our dynamic fluorescence
data have allowed a detailed study of polydispersity of a 35
kDa Gy, telechelic PEG, where the theoretical approaches of
Almgrer?>37 and Warr and Gries#& have been crucial to the
understanding of the data. It may be anticipated that the issue

of polydisperse aggregation numbers are of more SlgnlflcanceProf. Mats Almgren and Dr. Mike Kasuba and colleagues for

than in the case of nonpolymer surfactants (e.g., lightly their kind advice and useful discussions in the preparation of
ethoxylated alcohols, SDS, etc.) and other similar hydrophobic _, . . . ne prep .
this manuscript. Finally, we thank the reviewers for their

systems where monodispersity seems to be the rule. The value . . o -
. ; . . constructive comments and Prof. Mitch Winnik for providing

of the dynamic fluorescence technique is thus clearly reCOgmzed'access t0 additional data from his previous work

Other techniques such as static fluoresceAcemall-angle P '

neutron scattering, and static light scattering provide aggrega-

tion numbers with differing weights and are also crucial in
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