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ABSTRACT: The surface properties of three water-soluble and amphiphilic-FE®-PEO triblock copolymers

of different composition (Pluronic 6100, 6400, and 6800) are investigated by tensiometry and sum-frequency
vibrational spectroscopy. We compared the concentration dependence of the structure of surface layers prepared
by three different methods: (i) adsorption from aqueous solution, (ii) dropwise spreading from an organic solution
onto a surface of constant area, and (iii) compression of the spread film in a Langmuir trough. The surface
density and conformation of the polymers were deduced from the vibrational band intensities of the methyl groups
of the central hydrophobic PPO block and from the surface tension isotherms. A transition range related to a
conformational change was observed by tensiometry for the adsorbed and the compressed Langmuir films of
Pluronics with short PEO blocks, whereas the Pluronic with longest PEO blocks displays a gradual change of
surface pressure without the sign of a phase transition. This difference reveals the effect of the relative lengths
of the hydrophilic and hydrophobic blocks on the structural changes in the surface layers of block copolymers.
A clear indication of the influence of the hydrophilic blocks on the structure of the whole molecule at the interface
was also observed in the sum-frequency experiments. Above a given concentration the Pluronic with longest
PEO chains exhibited lower sum-frequency intensities and methyl symmetric/asymmetric amplitude ratios than
the other Pluronic compounds for all of the layers formed by the various methods. The differences in the surface
properties of the dropwise spread layers and of the compressed Langmuir layers exposed the importance of the
kinetic aspects of polymer monolayer formation. In the case of the spread films the possible large degree of
nonequilibrium chain entanglements might hinder the accomplishment of preferred orientation and conformation
of the polymer chains.

Introduction eters such as the thicknés¥ and structural details within the
1,12\psi i i
Langmuir and LangmuirBlodgett films as molecularly layer-12with the aid of ellipsometry and neutron reflectometry,

ordered nanostructures formed from insoluble amphiphatic respectively. . . )
molecules have recently attracted substantial attention due to The water-soluble and at the same time film-forming poly-
their widespread application in various fields such as bioma- mers offer the special opportunity to compare the properties of
terials, sensors, electronics, optics, ettBesides the traditional  the adsorbed and Langmuir films of those polymers. Only a
surface-active molecules as fatty acids and their derivatives, few reports have appeared on this aspect of polymer monolayers
polymers and nanoparticles appeared as functional component$/P until now. N-Isopropylarcylamide films were studied by
of composite Langmuir films which combine the special ellipsometry*® while similar behavior of adsorbed and spread
properties with the advantages of thin ordered films. The films was described using Brewster angle microscopy (BXM)
molecular properties of polymers like amphiphatic character are and surface rheological techniqéegor block copolymers.
of crucial importance when they are built in the nanostructures. Surface-sensitive nonlinear optical techniques, like infrared
There is a requirement also in the case of polymers to Visible sum-frequency vibrational spectroscopy, allow us to
accomplish the oriented arrangements of the molecules at the'éveal the structural characteristics and assess the conformational
interface. changes in the surface layer. Therefore, in the present work
tensiometric measurements are combined with sum-frequency
the 19508when the classification of these polymer monolayers SPECroscopy to investigate the adsorbed and spread molecular
was given according to their ability to form stable film at the |2Yers of block copolymers at the air/water interface.
water surface. The shape of the surface pressamea isotherm The poly(ethylene oxidejpoly(propylene oxide)poly-
implicates two main types: the condensed and the expanded(ethylene oxide), PEOGPPO-PEO, triblock copolymers (Plu-
polymer layers,® the behavior of which was interpreted on the ronic) are water-soluble and amphiphilic in nature. Their surface
basis of the molecular structure. Nevertheless, only indirect activity and tendency to self-assembly in solution stem from
information was available on the structure of the Langmuir the fact that the PPO block is relatively hydrophobic, whereas
monolayer until it became possible to determine exact param-the PEO blocks are more hydrophilic. The orientation of the
hydrated and mobile PEO blocks of a Pluronics adsorbed at
solid surfaces is exploited in the stabilization of various colloidal
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The existence of stable spread film of water-soluble polymers Table 1. Composition of the Pluronics Used in the Present Study

is explained by their amphiphilic and polymeric charaéter.  pyronic no. of monomer units in critical micellar concentration
Such behavior was obtained even for PEO homopolyftets type My the blocks PEO/PPO/PEO cum (mol/dn)a
arising from the amphiphilic nature of the monomer unititself. ~g100 1930 3/30/3 <3 % 10°5

For PEG-PPO-PEO copolymers the central hydrophobic 6400 2870 13/30/13 3.810°3

block, acting as an anchoring element, further increases the 6800 6710 56/30/56 23102

stability of the Langmuir filmt* which can be considered as aReference 43.

insoluble because hours or days are necessary to complete the

diffusive transport since the adsorption kinetics of these systemsdistribution determined by GPC analysis showed that the samples

at sufficiently low bulk concentrations is extremely slétv. were of high purity and low polydispersity,,/M, = 1.02—-1.03.
Certain aspects of the interfacial behavior of poly(ethylene The molecular weights and the compositions of the copolymers

oxide) and poly(propylene oxid)as well as of several of their ~ &re given in Table 1, together with the critical micellar concentration

block copolymers, Piuronic®,have been investigated by sum- yalues..The hydrophobicity of the molecules decreases with the

frequency vibrational spectroscopy by Chen et al. It was found increasing type number (PEO content).

. L - . Concentration ranges where Pluronics were applied in the present
that the saturated solution/alr interfaces of Pluronics obtained study are below the corresponding critical micellar concentrations.

by adsorption from aqueous solution are covered by a dense " pichioromethane $99.9%, LiChrosolv, Merck) satisfying the
layer of PPO blocks. In this layer the methyl side groups of the gyface-active purity requiremé@htvas used as spreading solvent
PPO blocks were found to form an ordered structure with the for the film preparations. Doubly distilled water applied as solvent
methyl groups orienting preferentially along the interface to prepare the solutions for the adsorption measurements and as
normal. On the other hand, at very low concentrations an abruptsubphase for spread films was checked by its conductivig/yS)
change in methyl group orientation was observed, which, and surface tensior+(71.5 mN/m at 23C) values.

according to the authors, may explain the concentration- Sample Preparation and TensiometryPluronic surface layers
dependent behavior of the surface tension &&Te structure  at the aiF-water interface were obtained by adsorption from the
of the Pluronic copolymers at solution/air interfaces was found 2dueous solution and by spreading of dichloromethane solution of

. : the given Pluronic on the water surface. The surface concentration
Lcl)olgtle(;ndependent of the length of either the PPO or the PEO of Pluronics was varied by the different bulk concentrations in the

first case while by stepwise increasing the spread amount or by

The water solubility and the polymeric character of Pluronics compression of the Langmuir layer in the case of spread films.
allow us to study the properties of the adsorbed layer from  Surface Pressure Measurements, Adsorbed Flusace tension
aqueous solution and the films formed when the Pluronic is was measured with an electrobalance using chromatography paper
spread from an organic solution at the-aivater interface. The  (no. 3001 604, England Whatman Int. Ltd.) as a Wilhelmy plate.
surface concentration of the Pluronic was changed in two ways The precisely cut filter papers were soaked in doubly distilled water
in the case of spread films: by compression in a Langmuir and dried beforg use to prevent any surfacg contamination during
trough and by dropwise spreading onto a surface of constantthneczuvrvf:g%tggsr'm /measurement. The sensitivity of the electrobal-
area. We nott_e here_ that the samples_pre_pared by spreading f_rorr? Aqueous solutions of Pluronic 6100, 6400, and 6800 were
organic solu'tl.on might not be at equmbrlulm under our eXPeri- renared in the concentration range ok5L0-5—1% wiv, which
menta_ll cond_l'_uons, whereas the_adsorbed f|lms can b_e Cons'dereiorresponds to 2.5 107—5 x 103, 1.7 x 107—3.5 x 1073,
to be in equilibrium about 15 min after their preparation, except and 7.5 x 108—-1.5 x 10-3 mol/dn® for the three Pluronic
for the lowest bulk concentrations studied. However, even the compounds, respectively. The samples were contained in a Teflon
nonequilibrium conditions used in our experiments are highly petri dish (4.4 cm diameter). The evaporation loss was prevented
relevant, as in practical applications or in the experimental by enclosing the cell in a Plexiglas box with a solvent saturated
investigations of block copolymers the equilibrium conditions atmosphere. The surface tension of the aqueous Pluronic solutions
are not always achieved. Surface pressure and sum-frequencyas recorded for 180 min. The values obtained at 15 min were
spectroscopic measurements were performed for the adsorbe@!Ven o further consideration since the films were typically on
and the two types of spread films applying three Pluronics of ?g;?(;?tge?j mjg\i’ured at that age in the sum-frequency experiments
dl_fferent composition. The architecture of the bIQCk cqpolymers Triplicate runs were made to check the reproducibility of surface
with the same gentral EPO bloqk and.PEO chains with various gnsion measurements, resulting 40.2 mN/m scattering as a
length makes it possible to investigate the effect of the typical value.
hydrophilic blocks on the conformation and orientation of the ~ Spread Films15 mL of water was poured into a Teflon petri
whole molecule in the surface layer. Our aim was to compare dish with a diameter of 4.4 cm. & portions of dichloromethane
the properties of the block copolymer films formed in different solution of the Pluronics were spread consecutively on the water
processes and to elucidate the effect of surface concentratiorsurface with a microsyringe. Following each addition 15 min was
and molecular composition on the structure of the Pluronic allowed for the evaporation of the solvent, and the surface tension
layers. was determined by the same method as in the case of adsorbed

films. The process was repeated until a similar surface pressure
was reached than that obtained by compression of the Langmuir
layer in the other experiments.

Materials. Poly(ethylene oxide)/poly(propylene oxide)/poly- Langmuir Balance Experimentghe Pluronic polymer films were
(ethylene oxide), PE©GPPO-PEOQ, triblock copolymers, Pluronic  spread at the air/water interface in a Langmuir balance (18«cm
6100, 6400, and 6800 (kindly provided by BASF Hungaria Ltd.), 6 cmx 0.6 cm) equipped with two Wilhelmy plate surface tension
were used as received. The composition of the Pluronics is referredsensors. The Teflon trough was covered with a box of Plexiglas in
to (BASF Technische Information) by the size of central hydro- order to minimize air turbulence and possible contamination. Spread
phobic poly(propylene oxide), PPO, block which is composed of monolayers were formed by depositing small amounts of the
30 PO units, while the hydrophilic poly(ethylene oxide) content of dichloromethane solution of Pluronics (0.04 gRinwith a mi-
the whole molecule is given as 10, 40, and 80 wt %. The crosyringe in the Langmuir trough containing the subphase and
copolymers were characterized by gel permeation chromatographyallowing the solvent to evaporate for 10 min. Blank experiments
(GPC) using tetrahydrofuran as solvent. The molecular weight were carried out with the same amounts of pure solvent, an&BQ/

Experimental Details
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deviation from surface tension of pure water was detected during 30
the compressionexpansion cycle.

The surface pressur@rea isotherms were determined at a barrier
velocity of 24 cn¥/min. The special design of our Langmuir balance
with a second surface tension sensor inserted at the rear side of the
barrier allows us monitoring simultaneously the surface tension of
the pure subphase during the film compression. If the surface film
had not been stable and its partial dissolution had occurred during
compression, this effect would have been sensitively detected by
the rear side surface tension sensor.

The temperature was maintained at 23 0.3 °C in all R
experiments. 16-7 1(;'5 1(;*" 164 164

Sum-Frequency SpectroscopySum-frequency spectra of the o (molldr?)
adsorbed and spread Pluronic films on water surface were collected ) )
by an EKSPLA’ (Vilnius, Lithuania) spectrometer. The sample Figure 1. Surface pressure (at 15 min) of adsorbed Pluronic 6100
holders and the Langmuir trough were the same as used in the(®. 6400 O), and 6800 4) layers as a function of bulk concentration.
surface pressure experiments. The visible beam (532 nm) is Symbols are measured data points; lines are only guides to the eye.
generated by doubling the fundamental output of a Nd:YAG laser . - o ) . )

(1064 nm wavelength, 20 ps pulse with, 20 Hz repetition rate), The intensities of the individual vibrational bands are give# by
while the tunable IR beam is obtained from an optical parametric
generation/difference frequency generation system, pumped by the o A, ) Am2
third harmonic and the fundamental of the Nd:YAG laser. The IR = j: 1" dw, = — (3

- . © W, — w, il | .
and visible beams are temporally and spatially overlapped on the
sample surface with incident angles of°&nd 60, respectively. o ] ] ] )
The beam energies at the sample were kept atuzmmﬂse. Sum and this is the_quantlty used in the_later sections when analyzing
frequency light is collected in the reflected direction through a the concentration and surface tension dependences.
holographic notch filter and monochromator and detected by a PMT.  In the literature certain ratios of the susceptibility tensor
Spectral resolution is determined by thé cn ! line width of the components, or alternatively of the corresponding peak amplitudes,
IR pulse. Spectra presented were measured using the ssp (sare often used to extract information on the orientation distribution
polarized sum-frequency, s-polarized visible, and p-polarized IR Of methyl groups from the sum-frequency speéti& The |yyd
radiation), sps, and ppp polarization combinations. Spectra were Xyyzad ratio, corresponding to tHe = |Assp éAssp,ak methyl symmetric
collected in the 28083000 cnr! spectral region using 3 crh stretch to methyl antisymmetric stretch amplitude ratio of the ssp
increments and 100 laser pulses at each step. Three to five suctspectra, has been successfully applied to the orientational analysis
spectra were collected and averaged at each bulk concentration off methyl groups?3
surface coverage. ) )

According to the basic theory of sum-frequency generaon, Results and Discussion
the sum-frequency intensity in the reflected direction is proportional  Adsorbed Layers. The surface pressurer, which is the
to the square modulus of the nonlinear susceptibijify, For an - gecrease of surface tension of watey, due to the presence of
azimuthally isotropic I|qU|c_i |_r_1terface only try_@,yz component of _adsorbed or spread Pluronic layar< yo — ) is displayed in
the second-order susceptibility tensor contributes to the effective each type of experiments for the sake of comparison.

nonlinear susceptibility under the ssp polarization combination and -
only the yy,, component under the sps polarization combination. Surface pressures of aqueous Pluronic type 6100, 6400, and

Under the ppp combination the effective susceptibility contains 6800 solutions were determined in the_ conce_ntrat|on range of

contributions form theyxa Jxes %z andyzzztensor components. /-5 X 10-8—5 x 10-3 mol/dn® as a function of time. To relate

The susceptibility has a resonant and a nonresonant contribution:the adsorption behavior to the results of the sum-frequency
experiments, the surface pressures obtained at 15 min were

7 (MN/m)

10 +

x? selected which best reflect the condition of the adsorbed film
1P = 5B+ 4@ =2+ z S a i 1) measured by sum-frequency spectroscopy. These values cor-
m W2 T O T respond to the equilibrium ones above the concentrationdf 10

) ) 2 mol/dm3 At lower concentrations the surface pressures obtained
wherew; is the frequency of the infrared beap}? the resonant at 15 min cannot be considered as equilibrium values; the

ampIitude,(fu,%thehfrer?uency,_ and’n, the.co”leSpO”dling dampfinﬁ deviation from the values measured after 120 min, however,
gonstant ort Efg‘ ~ aracteristic vnbratlona. normal mode o t € does not exceed 3, 2, and 0.7 mN/m in the case of Pluronic
interface, andgyg is the nonresonant amplitude. From eq 1 it is 6100, 6400, and 6800, respectively

seen that the sum-frequency intensity is resonantly enhanced when Surface pressures as a function of molar concentration are
the infrared frequency matches the frequency of a molecular u P u uncti -hiratior
vibration. Thus, by scanning the frequency of the infrared laser plotted for the aqueous solutions of the three Pluronics in Figure

beam, the vibrational spectrum of the interfacial molecules can be 1 (the error does not exceed the size of the symbols). A
recorded. Accordingly, the spectra can be fit to the general formula considerable surface activity can be observed even in the lowest

. concentration range. Pluronic 6800 displays a gradual increase

_ A gom of the surface pressure with increasing bulk concentration, while

Sw,) = |ARe™ + z—,lz (2) the surface pressure vs bulk concentration curves of both
O~ wp 1l Pluronic 6400 and 6100 exhibit a region of almost constant

In the case of the ssp and sps polarization combinations there issurface pressure.
only contribution from a single susceptibility tensor component, The sum-frequency spectra of an adsorbed monolayer of

and it can be showf that the ¢, phases corresponding to the PIuror_nc 6100 measured W'Fh th? ssp, papd sps polarization
individual molecular vibrations are equal. In the case of the ppp COMbinations are shown in Figure 2. These spectra were
polarization combination there is contribution from four tensor recorded at a bulk concentration of 210> mol/dm? Figure
components, and thg,, phases of the individual vibrations can be 3 displays the sum-frequency ssp spectra of adsorbed mono-
different from each othet® layers of Pluronic 6100 at three different bulk concentrati%]BV
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Figure 4. The ssp intensity of the methyl symmetric stretch (a) and

the ratio, R, of the methyl symmetric to antisymmetric stretch ssp
amplitudes (b) as a function of bulk molar concentration for adsorbed

Wavenumber (cm™)

Sum-frequency intensity (arbitrary units)

Table 2. Fitted Peak Positions and Line Widths ¢m, I'm) for the
Figure 3. Sum-frequency ssp spectra of adsorbed monolayers of Pluronics
Pluronic 6100 at bulk concentrations of 251077 (M), 2.5 x 1076

(0), and 5x 1075 (o) mol/dm2 The spectra have been vertically mode om[cm™] T [em™]
displaced for clarity. Symbols are measured data points; solid lines backbone CH stretch 2860 125
are only guides to the eye. backbone CH stretch 2880 12.5
PPO block CH(s) 2942 7
The lowest of these concentrations lies below the region of PPO block CH(as) 2971 7

almost constant surface pressure, and the next one is within

this region, whereas the highest concentration is above thethe effect of surface density in the case of the spread layers),
constant surface pressure region. The sum-frequency spectrahese parameters were kept fixed at the values given in Table
obtained from the adsorbed layers of the other two Pluronic 2, and only the peak amplitudes were allowed to vary.
copolymers-6400 and 6808-are very similar. Our ssp spectra The intensity, according to eq 3, of the methyl symmetric
also very closely resemble the sum-frequency spectra of stretch peak at 2942 crhin the ssp spectrum is plotted in Figure
Pluronics published by Chen et %l.In each case the ssp 4a as a function of bulk molar concentration for the three
spectrum is dominated by a pair of peaks at 2942 and 2971 Pluronic solutions. (The error on the peak intensities is estimated
cml The intense peak at 2942 ciis assigned to the tobe<10%.) The changes observed in the intensity of this peak
symmetric stretch mode of the side chain methyl groups of the can be interpreted in terms of the change of the adsorbed amount
PPO block, while the lower intensity peak at 2971 énis accompanied by the orientation changes of the side chain methyl
attributed to the antisymmetric stretch of the same grééips. groups of the PPO block. The strength of the methyl symmetric
the spectra presented by Chen et al. a broad peak of lessestretch mode in the ssp spectrum increases as the average tilt
intensity is also observed at 2865 th which the authors of the methyl groups decreases and also as the number density
assigned to the €H stretch from the PPO backbone. In our of the methyl groups in the adsorbed layer incred3ekhe
spectra we also observe a broad spectral feature around 2870ntensity of this peak can therefore be viewed as being
cm~1. Unlike Chen et al., we have only been able to model this proportional to the amount of oriented methyl groups in the
feature using two peaks, centered at approximately 2860 andPPO block. As mentioned above, tRe= |Assp dAssp,ab ratio of

2880 cntl. The most likely assignment for these peaks is that the methyl symmetric stretch and the antisymmetric stretch
they arise from the CH and Ghinoieties of the PPO backbone, amplitudes from the ssp spectra can be used to obtain informa-
with possible contribution of the GHyroups of the PEO block.  tion about the orientation of the methyl groui$s* A higher

We have fitted the spectra to eq 2 using the four peaks discusseeak ratio implies that the methyl groups are either tilted by a
above. The peak positions and line widths were obtained by smaller angle with respect to the surface normal or that the
iteratively fitting the ssp and ppp spectra of adsorbed monolayersmethyl groups possess a narrower orientational distribution. As
of the three Pluronics measured at relatively high bulk concen- seen from Figure 4a, the behavior of Pluronic 6800 is different
trations (Pluronic 6100: 2.% 10~% mol/dn®; Pluronic 6400: from the two other Pluronic compounds. With increasing bulk
3.5 x 1074 mol/dn?; Pluronic 6800: 1.5¢< 10-3 mol/dm®). The concentration, the sum-frequency intensity is first increasing and
parameters obtained from these fits are listed in Table 2. Whenthen above~10-¢ mol/dn?® seems to approach a limiting value
investigating the effect of the bulk concentration on the sum- for Pluronics 6100 and 6400 that bear shorter PEO chains. We
frequency spectra of the adsorbed layers (or in a similar fashionshould note here that if the unit of % w/w is used for t&BV
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concentration in the sum-frequency intensity plots, our data for 8 0] ch - " v
Pluronic 6400 very closely resemble those obtained by Chen et § ' OﬂA 4 a a
al. (see Figure 3 of ref 26). On the other hand, the values for = | oA 4
Pluronic 6800 are steadily increasing with the bulk concentration £ oy
although the intensities are significantly lower at any given bulk E 0.5 -:-
concentration, indicating the presence of a smaller amount of
oriented PPO blocks in the adsorbed layer. A similar behavior 1
can be observed in the peak ratiR), plotted in Figure 4b. oo
The change in the slope of the surface pressure vs molar 000 025 050 075 100 125
concentration graphs observed for Pluronic 6400 and 6100 surface concentration (umolin?)

(Figure 1) might be the |nd|cat|0n of a pseudo-phase transition Figure 6. The ssp intensity of the methyl symmetric stretch (a) and
connected to a conformational change of the block copolymer e ratio, R, of the methyl symmetric to antisymmetric stretch ssp
molecules in the surface layer. The surface pressure range whergmplitudes (b) as a function of surface density for the spread layers of
this transition appears is between 20 and 22 mN/m. Such Pluronic 6100 M), 6400 (), and 6800 4).
behavior as a function of surface concentration is predicted for
block copolymer adsorption from a theoretical maéél concentrations, however, presents the opposite order, as Pluronic
developed for multiblock copolymers based on the scaling 6800 increases the surface pressure most effectively up to 0.2
theorie$83° and observed for PEGPPO-PEO triblock co- umol/m?.
polymers, where the phase transition indicated by the surface The sum-frequency ssp intensities of the symmetric stretch
pressure was found to be in accordance with the strong increasénode of the side chain methyl groups of the PPO block are
in the ellipsometric thickness of the layer due to conformational plotted as the function of surface molar concentration in Figure
change and with morphological properties (BAM) as vll. 6a. Initially, the intensity of the methyl symmetric stretch
The onset of almost constant sum-frequency intensity at 10 increases rapidly with the Pluronic surface concentration. At
mol/dn? for Pluronics 6100 and 6400 coincides with the about 0.2umol/m? surface concentration a significant decrease
beginning of the region of constant surface tension observedin the slope is observed, in the same range where the reversal
for these polymers (Figure 1), in accord with the notion of a in the order of the surface pressures takes place. Considering
possible pseudo-phase transition in connection with a changethat the central block is identical in the three Pluronics, the same
in polymer conformation. For Pluronic 6800 both the surface surface concentrations represent the same surface number
pressure and the sum-frequency intensity show a monotonousdensity of PPO blocks for the three polymers. As a result, at a
increase with the bulk polymer concentration without a discern- given surface concentration similar sum-frequency intensity
ible change of slope, implying that in this concentration range would be expected for Pluronic 6100, 6400, and 6800. Con-
no conformational change is present for Pluronic 6800 in which versely, the most hydrophilic Pluronic 6800 gives rise to
the relative sizes of the hydrophilic and hydrophobic blocks significantly lower sum-frequency intensity abov®.2 umol/
are very different as compared to the two other Pluronics. The m? than the two others, although the concentration of the PPO
lower peak amplitude ratio for Pluronic 6800 indicates that the blocks in surface layer is the same in all the cases.
orientation of the methyl groups in the PPO blocks parallel to  The surface molar concentration dependence of the methyl
the surface normal is less pronounced for Pluronic 6800 with symmetric to antisymmetric stretch ssp amplitude ra®pis
long PEO blocks. plotted in Figure 6b for the three Pluronics. The initial increase
Spread Layers. Surface pressures achieved by dropwise of the amplitude ratio points to the increasing orientation of
spreading of Pluronic solutions onto the water surface are the methyl groups in the PPO block with increasing surface
displayed as a function of surface concentration of the three concentration below~0.2 umol/m?. Above this surface con-
Pluronics in Figure 5. Lower surface pressures can be reachedcentration the amplitude ratio remains constant, and this final
by spreading various amounts of Pluronic on the water surface vValue of the amplitude ratio is somewhat smaller for Pluronic
than by adsorption from aqueous solutions in the concentration 6800 with the longest PEO segments than for Pluronics 6100
range studied here. From Figure 5 it appears that a saturationand 6400.
value is reached abovel umol/n?. The values of the saturation The observation that a reversal in the order of the surface
surface pressures correspond to the hydrophobicity order of thepressures of the three Pluronics takes place in a narrow surface
three Pluronics (6100~ 6400 > 6800) deduced from their  concentration range is in accordance with the interpretation of
relative PPO content. The surface pressure at the low surfaceinterfacial properties of spread PEO-containing block COpOlyE'ISR/
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layers based on the scaling thed?!In the low concentration @

range the block copolymers lie flat parallel to the surface plane 204
(the so-called pancake configuration) with a significant contri- T
bution of the PEO chains to increase the surface pressure. In 15+
this range, raising the surface concentration by dropwise £

spreading of the three Pluronics leads to an increase of both % 10

the number density of and the orientation of side-chain methyl l
groups in the PPO blocks as seen from the sum-frequency 5.
intensity and amplitude ratio data of Figure 6a,b. The-0.2

0.25umol/m? concentration range, where the order of the surface

pressures of the three Pluronics becomes reversed and follows 0 1000 2000 3000
the hydrophobicity order and where the decrease in the slope Area/molecule (A2)
of the sum-frequency intensity curves occurs, corresponds to a 20

transition from flat saturated monolayer to a brushlike config-
uration. Above this coverage, the polymer chains are compressed
and PEO blocks are expected to adopt a high-density layer
forced to stretch into the water subphd%e’although a partial £
solubilization of PPO blocks by the expelled PEO segments % 10
cannot be excluded either. In this range further increasing the b
surface concentration leads to no increase of orientation of the
side-chain methyl groups, and the number density of oriented
methyl groups increases only very slightly. Our findings also
indicate that there is a difference between the structure of the 0 —
Pluronic layer depending on the length of PEO chains in a given 0 1000 2000 3000
range of surface concentration. The lower final values of the Areaimolecule (A7)
amplitude ratio for Pluronic 6800 implies that the long PEO
chains might hinder the orientation of methyl groups of the 15 (©
central PPO block, possibly through partial solubilization, as
mentioned above.

Compressed Langmuir Layers. Surface pressurearea
isotherms were obtained compressing and expanding the Lang- 1
muir monolayer of Pluronic 6100, 6400, and 6800 (Figure 7) 5.
formed on the surface of a water subphase. The Langmuir films
presented a notable stability. The repetition of the compression

(b)

4000

expansion cycle resulted in similar isotherms without a detect- 0 —
able shift that would indicate the loss of the material from the 0 2500 5000 7500 10000
surface. The zero surface pressure recorded by the second Area/molecule (A%)

Wilhelmy plate sensor mounted at the rear side of the barrier Figure 7. Surface pressurearea isotherms of Pluronic 6100 (a), 6400
supports that there is no considerable dissolution of Pluronic in (b), and 6800 (c).

the course of the measurement in the surface pressure rang
used here. This finding is in accordance with other authors’
opinion$-10.14.15emphasizing the stability of spread PEO and

(P>E10 ﬂgl/(;g;)cgf ?Ai’ggi;f!?;;gs;z: Igha;l:)rlfgg_e concentration range of abov_e 0./1.Zmo_I/m2 both thg symmetric stretch intensity
A ) . and the amplitude ratio are considerably lower for the polymer
A significant hysteresis between the compression and expan-p|ronic 6800 with the long PEO blocks.
sion parts of the isotherms can be observed for the Pluronic The shapes of the surface presstmeea isotherms (Figure
6100 and 6400 layers, while the degree of hysteresis is much7y reflect an expanded type monolayer with a transition and a
lower for the 6800 copolymer. Since we applied a fairly high condensed like state at high surface concentrations. A short but
barrier speed (24 cffmin), it is reasonable to assume that the characteristic pseudoplateau region appears in the case of the
hysteresis is due to structural rearrangements that are slowep|ronics with short PEO chains, comprising®3and 13-13
than the time scale of the surface area change. It waspgQ ynits for Pluronic 6100 and 6400, respectively. The various
demonstrated in another type of compressierpansion process  regions of the isotherm can be assigned to different conforma-
when the barrier was moved in consecutive steps stopping fortjons or conformational transitions of the polymer chains
300 s intervals that the surface pressures are dynamic Onesnterpreted by the scaling theo#y3° According to that, at low
measured, especially_upon expansion_ of th_e layer. The increasq:()\,erage the triblock copolymer remains at the—aater
of these values during the relaxation time proved to be jnterface anchored by the central PPO block, while the PEO
proportional to the extent of hysteresis. blocks adopt a flattened conformation. As the monolayer is
The surface concentration dependences of both the sum-compressed, we see a pseudoplateau which is a signature of a
frequency methyl symmetric stretch intensity and the symmetric- conformational change, probably the partial dissolution of PEO
to-antisymmetric stretch amplitude ratio of the compressed chains which start to extend into the water subphase because
Langmuir layers are shown in Figure 8. These curves present athe polymer chains overlap. Upon further compression there is
similar trend to that observed for the films prepared by dropwise a steep increase in surface pressure where the overlap of PPO
spreading, namely rapid increase at low surface molar concen-segments and also the PEO chains extending into the subphase
trations, followed by a very slowly increasing, almost constant dominate the structure. Comparing Pluronic 6100 and 668(3,

?egion. The different organization of the PPO block of Pluronic
6800 compared to the PPO blocks of polymers with short PEO
chains (Pluronics 6400 and 6100) is evident. In the concentration
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Figure 8. The ssp intensity of the methyl symmetric stretch (a) and surface concentration (umolim®)

the ratio, R, of the methyl symmetric to antisymmetric stretch ssp Figure 9. Surface pressure as a function of surface concentration of
amplitudes (b) as a function of surface density for the compressed Pluronic 6100 M), 6400 ©), and 6800 &) spread at the water surface
Langmuir layers of Pluronic 6100m), 6400 ©), and 6800 4). as a Langmuir film (a) and by stepwise addition (b).

layers, we see that the transition is more first-order type as thenot obvious in the plots of the sum-frequency intensity and
PEO chain length increases, similarly that observed previously amplitude ratio. This would imply that the phase transition is
for PS-PEO block copolymer&42 mainly connected to a conformational change of the PEO chains
The isotherm of Pluronic 6800 exhibits two main features which has a relatively small influence on the conformation of
different from the other Pluronics: the small hysteresis and the the central PPO block.
absence of clear phase transition connected to flat to brush The above experiences turn our attention to the importance
conformational change. According to the molecular composition of kinetic aspects of monolayer formation in the case of
(56/30/56), the central PPO block represents a small contribution polymers. Preparing a Langmuir film from polymers, special
to the surface behavior of this polymer. The layer is highly care must be taken to achieve not only the complete spreading
compressible with steadily increasing dilatational modulus. of the polymer solution on the water surface but also the
Probably there is no distinctive conformational change upon complete expansion and disentanglement of the polymer mol-
compression associated with a narrow concentration range. Theecules. The high concentration of the spreading solution and
weak hysteresis is in conformity with the assumption of a the fast evaporation of the solvent might contribute to the
gradual and reversible conformational change. It can be freezing of the structure of polymer layer, resulting in a highly
concluded that the relative length of various blocks in the nonequilibrium conformation and various nanoscale surface
polymer molecule is of paramount importance in the develop- morphologies? A probable explanation of the difference
ment of brush conformation. observed in Figure 9 can be that larger degrees of chain
Presenting the surface pressures of the Langmuir layers as @&ntanglement occurred upon the consecutive addition of the
function of surface concentrations allows the comparison with material, thereby restricting the thermodynamically favorable
the corresponding results of spread films obtained by stepwisespreading of the PEO blocks. Consequently, there is no such
addition (Figure 9) and also with the sum-frequency results. clear sign of conformational changes (pseudo-phase transition)
Both the surface pressure values and the shapes of the curvess it is presented by the expanded Langmuir layers.
show that the properties of the layers are highly dependent on Comparison of Layer Structure. The influence of the
the way of manipulation of the surface concentration. The method of surface film formation on the structure of the Pluronic
surface pressure of the compressed Langmuir layer is signifi- layer at the air/water interface can be examined by comparing
cantly higher than in the case of spread films where the surfacethe sum-frequency results obtained for the adsorbed and spread
coverage was changed by dropwise increasing the amount offilms. The ratio,R, of the methyl symmetric-to-antisymmetric
spread material. The considerable difference in the structure ofstretch amplitudes in the ssp spectra can be used to characterize
polymer layers is also shown by the presence or absence of thethe structural change of the molecules with the bulk or surface
plateau region which is the sign of a phase transition. In the concentrations. In the case of the adsorbed layers this parameter
case of stepwise addition of spread Pluronic only the reverse exhibits a weak increase and then reaches a saturation value as
of the order of the three polymers indicated the possible changethe function of bulk concentration. The surface concentration
in the structure of surface layer as a function of surface dependence of the amplitude ratio shows a similar trend for
concentration. This phase transition, characterized by plateausboth the dropwise spread films and the compressed Langmuir
with constant surface pressure at G-D113 umol/m? for layers. The ratio increases within a narrow concentration range
Pluronic 6400 and at 0.160.18mol/n? for Pluronic 6100, is and remains almost constant for surface concentrations gr&ﬁ)t{e/r
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than 0.3umol/m?. It should be noted that the amplitude ratios
characterizing the orientation of methyl groups of the PPO
blocks of the Pluronics are relatively low values, indicating that
the methyl groups are tilted significantly away from the surface
normal and that they also possess a rather broad orientational
distribution. Considerably higher ratios have been obtained for
methyl groups situated at the end of longer alkyl side chains of
comb polymers?3

The three Pluronic compounds of different compositions used
in our study bear the same PPO central block. In our analysis
of the sum-frequency spectra we concentrated on the two peaks
assigned to the normal vibrations of the methyl groups. As the
methyl groups are only present in the PPO blocks, similar sum-
frequency intensities and orientational parameters would be
expected for the three Pluronics. However, the behavior of
Pluronic 6800 differs significantly from the two other Pluronics
as it exhibits lower symmetric to antisymmetric stretch ampli-
tude ratios. This relation was found to be valid independently
of the film preparation method. The methyl groups of the central
PPO block seem to be less oriented in Pluronic 6800 than in
Pluronics 6400 and 6100, which have shorter PEO chains. That
is a clear indication of the influence of hydrophilic blocks on
the structure of the whole molecule at the interface. This effect
appears to be governed by the ratio of lengths of the PPO and
PEO blocks.

A similar deviation of the surface behavior of Pluronic 6800
from the two other block copolymers is observed in the 00l
tensiometric measurements. The phase transition related to the 0 5 10 15 20 25 30
flat-to-brush conformational change of the triblock copolymer Surface pressure, T (mMN/m)
molecules in the surface layer was detected for Pluronics 6100Figyre 10. Ratio,R, of the methyl symmetric-to-antisymmetric stretch
and 6400, while Pluronic 6800 shows a gradual change of ssp amplitudes as a function of surface pressure for compressed
surface pressure with concentration without the sign of a phaseLangmuir films and adsorbed layers of (a) Pluronic 61M), ((b).
transition. The effect of the hydrophobic central block on the Pluronic 6400 ©), and (c) Pluronic 68004).

surface pressure and surface dilatational properties of the layer. . ) N . .
is suppressed when the relative length of the hydrophilic blocks 'S attained without a significant orientation of the methyl groups
is high. of the PPO block.

. . . The sum-frequency results also indicate that the earlier models
In order to facilitate comparison between the results obtained p ;<o on the scaling theory cannot be used for polymers with
for the different preparation methods, the sum-frequency g piock length ratios. Whereas for Pluronics 6100 and 6400
amplitude ratio is plotted in Figure 10 as a function of the ¢ resuits of both the surface tension and the sum-frequency
surface pressure for the adsorbed and compressed films of the,easurements could be well interpreted on the basis of the above
three Pluronics. In all three cases the amplitude ratio increasesyggels the surface behavior of Pluronic 6800. where the PEO
with increasing surface pressure; however, the shapes of they|ocks are almost twice as long as the central PPO block, is
curves are different, reflecting the differences in the surface quite different. The methyl groups of the PPO block were found
behavior of the Pluronics. In the case of Pluronics 6100 and {5 pe ess oriented, and additionally their orientation increases
6400 the phase transition from flat to brush conformation at aimost linearly with surface concentration, indicating there is
~12 mN/m is indicated by a decrease in the slope of the ng sudden change of conformation in within a narrow concen-
amplitude ratio vs surface pressure plot, while the opposite trendtration range. Thus, both the surface tension and the sum-
is observed for Pluronic 6800. For Pluronic 6400 the plateau frequency results indicate that in terms of the interfacial structure

region of the surface pressure vs surface concentration diagramp|uronic 6800 cannot be described with the models developed
(Figure 9a) extends for a larger range of surface concentrationsfor block copolymer layers.

than for Pluronic 6100. Correspondingly, Pluronic 6400 exhibits Finally, we note that while our results for Pluronics 6100

a more pronounced change in the slope of the amplitude ratiognd 6400 at low surface pressures largely agree with the
vs surface pressure plot at the phase transition where the PEQ:onformational changes proposed in ref 15, we do not observe
blocks start to extend into the subphase. In the case of Pluronicsignificant changes in the amplitude ratio vs surface pressure
6100 the phase transition is accompanied by a smaller changeplot above at high surface pressures, although a plateau with
in the orientation of the methyl groups of the PPO blocks. For constant surface pressure of 20 and 22 mN/m is present in the
Pluronic 6800 the surface pressure vs surface concentrationsurface pressure vs bulk concentration curves. According to the
diagram (Figure 9c) does not show a phase transition, and atmodel of ref 15, in this surface pressure range the PPO blocks
each surface pressure the value of the peak amplitude ratio isstart to form loops and tails in the aqueous PEO layer. A possible
considerably lower than for the other two Pluronics. This explanation of the sum-frequency results might be that desorp-
indicates that due to the different block ratio of Pluronic 6800 tion of PPO segments from the interface is accompanied by an
the contribution of the PEO blocks to the surface pressure is increased ordering of the methyl groups in the remaining PPO
greater, and as a consequence relatively large surface pressurelocks, resulting in a slowly increasing amplitude ratio. CDV
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Conclusions Thus, both the surface tension and the sum-frequency results
. . indicate that in terms of the interfacial structure Pluronic 6800
Surface layers of triblock copolymers Pluronic 6100, 6400, cannot be described with the models developed for block
and 6800 were prepared by adsorption and by two Spreadingcopolymer layers
methods at the air/water interface in order to get information The differences in the surface properties of the spread layers

on thhed effe(;]ts of polymefr ﬁomp(})‘SItIOT and f_'rlhm ft?rhmat_lon fobtained by consecutive addition of the polymers onto a constant
method on the structure of the surface layers. The behavior of g\, t3 e area and of the compressed Langmuir layer revealed

the three copolymers was characterized by surface pressurgqne yinetic aspects of monolayer formation in the case of
measurements and sum frequency spectroscopy and Cor“'C’aregolymers. In the case of the spread films the possible large
as a function of bulk and surface concentrations. The Surfacedegree of nonequilibrium chain entanglements might hinder the

densi.ty ar]d conformqtion Of .the polymers were deduced from accomplishment of preferred orientation and conformational
the vibrational band intensities of the methyl groups of the change.

central hydrophobic PPO block. The intensity of the methyl
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