
Investigations of Polyelectrolyte Adsorption at the Solid/
Liquid Interface by Sum Frequency Spectroscopy: Evidence
for Long-Range Macromolecular Alignment at Highly Charged

Quartz/Water Interfaces

Joonyeong Kim, Gibum Kim, and Paul S. Cremer*

Contribution from the Department of Chemistry, Texas A&M UniVersity,
P.O. Box 30012, College Station, Texas 77842-3012

Received March 24, 2002

Abstract: IR-visible sum frequency spectroscopy (SFS) was employed to investigate the molecular level
details of the adsorption of the positively charged polyelectrolyte, polydiallyldimethylammonium chloride
(PDDA), at the quartz/water interface. Below pH 9.0, signal from the interfacial water structure was visible,
but none from the adsorbed polymer could be detected. This indicated that the PDDA was not well enough
aligned at the interface under these conditions to elicit a sum frequency response. At more basic pH values
(g9.6), however, adsorbed PDDA molecules became well-ordered as indicated by the presence of CH
stretch peaks from methylene and methyl groups. The intensities of the CH stretch modes were independent
of the adsorbed amount of PDDA at pH 12.3 but decreased as the pH of the bulk solution was lowered.
The conditions for polymer alignment fell outside the parameters where layer-by-layer growth of oppositely
charged polyelectrolytes was possible because the net charge on the surface under high pH conditions
remained negative.

Introduction

Extensive investigations of monolayer and multilayer films
have focused on the preparation of well-ordered structures. The
goals of this research have ranged from building novel sensor
devices to the creation of organically based nonlinear optical
materials. Two major approaches for ordered film formation
have included Langmuir-Blodgett (LB) and self-assembled
monolayer (SAM) techniques.1,2 Somewhat more recently, a new
preparative method, layer-by-layer (LbL) deposition of poly-
electrolytes from aqueous solution, has begun to gain notice.
This relatively simple and effective procedure was developed
by Decher and co-workers and is based upon the pioneering
work of Iler et al.3-5 The basic concept exploits the electrostatic
attraction between a charged solid substrate and oppositely
charged polyelectrolytes in solution. Positively and negatively
charged polymers are sequentially introduced to a liquid/solid
interface to create nanoscale supramolecular architectures. The
methodology is quite flexible and has been employed in the
formation of a variety of materials.6-12

Despite its rich potential for applications and relatively simple
preparation requirements, investigators have only begun to
explore the underlying mechanistic processes that govern
multilayer formation from LbL deposition.10,11,13,14A molecular
level understanding of such processes will be necessary if full
exploitation of the LbL technique for highly tailored film
geometries is to be achieved. Since LbL growth is mainly
governed by electrostatic interactions, control over the surface
charge density of the substrate is crucial for film construction.
Adsorption under such highly charged conditions inevitably
involves structural rearrangements of both the adsorbed poly-
electrolytes and the associated interfacial water molecules.

As the interfacial regime usually exhibits spatial orientation
with respect to an underlying charged substrate, infrared-visible
sum frequency spectroscopy (SFS), a surface specific vibrational
technique, and second harmonic generation (SHG) are ideal tools
for investigation of these buried polymer interfaces.15-24 In fact,
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SFS has already been used to obtain important information on
the nature of noncrystalline polymer surfaces, which possess
better molecular alignment than the corresponding bulk materi-
als.25,26 It has also been shown that changing the environment
of the polymer surface from hydrophobic to hydrophilic can
lead to changes in the alignment of interfacial pendant groups
attached to the macromolecules.27,28We, therefore, reasoned that
probing the interfacial polyelectrolyte and water structures via
SFS might provide valuable information about the adsorption
process as well as the ultimate polymer structure. It was felt
that this could provide insight into the utility of the LbL method
for creating nonlinear optical materials.

Recently, we reported that sequential deposition at the quartz/
water interface of a positively charged polymer, PDDA, and a
negatively charged polymer, the sodium salt of polystyrene
sulfonic acid (PSS), dramatically affected the interfacial water
structure.15 In fact, SFS showed that interfacial water was best
organized under acidic conditions if the final polymer layer was
positively charged. By contrast, surface water molecules were
found to be better organized under more basic conditions if the
final layer was negatively charged. This was the case despite
the fact that neither polymer was titratable under the condition
employed in the experiment (pH 3.8 to 8.0).

In the present studies we deposited PDDA (Figure 1) onto
bare quartz/water interfaces. The sum frequency (SF) spectra
from these systems revealed the remarkable presence of CH
stretch peaks under very basic conditions where the substrate
charge density was quite high. The presence of ordered adsorbed
polyelectrolyte molecules stood in stark contrast to lower pH
conditions where no such alignment was observed. Significantly,
the overall charge on the surface remained negative after
polymer deposition from the highly basic solutions. This falls
outside the parameters of LbL film growth conditions, which
require net charge inversion upon the deposition of each
successive polyelectrolyte layer. When the initial charge density
is high enough, however, charge inversion does not take place,
and LbL film growth becomes impossible.29,30We believe that
the imposition of long-range order upon a charged macro-
molecule at an oppositely charged interface may be quite general
under conditions where charge inversion does not occur. In this
report results are presented for water structure and PDDA

alignment as a function of pH, ionic strength, and adsorbed mass
of polyelectrolyte.

Experimental Section

Laser System.Sum frequency spectra were obtained with a passive-
active mode-locked Nd:YAG laser (PY61c, Continuum, Santa Clara,
CA) equipped with a negative feedback loop in the oscillator cavity to
provide enhanced shot-to-shot stability. The 1064 nm light generated
had a pulse width of 21 ps, and the laser was operated at a 20 Hz
repetition rate. Radiation was sent to an optical parametric generator/
amplifier (OPG/OPA) stage (Laser Vision, Bellevue, WA) where
tunable infrared radiation was produced in addition to frequency-
doubled radiation at 532 nm. The OPG/OPA consisted of two parts.
The first was an angle-tuned potassium titanyl phosphate (KTP) stage
pumped with 532 nm light to generate near-infrared radiation between
1.35 and 1.85µm. This output was then mixed with the 1064 nm
fundamental in an angle-tunable potassium titanyl arsenate (KTA) stage
to produce a tunable infrared beam from 2000 to 4000 cm-1 (7 cm-1

fwhm). The intensity of the radiation was approximately 500µJ/pulse
near 3500 cm-1. The tunable IR beam was combined with the 532 nm
radiation at the sample interface at incident angles of 51° and 42°,
respectively, with respect to the surface normal. The power of the 532
nm beam, which was generated in an initial KTP stage, was 1 mJ/
pulse at the sample. The sum frequency signal generated from the
sample was collected by a photomultiplier tube, sent to a gated
integrator, and stored digitally. For each scan, data were collected in 6
cm-1 increments in the 2800-3600 cm-1 range.

SFS.The theory and experimental setup of SFS have been described
in detail elsewhere.31,32 Briefly, sum frequency spectroscopy involves
a second-order nonlinear optical process in which two input beams
with frequenciesωir andωvis overlap in a medium to generate an output
at the sum frequency,ωsf. As a second-order process, SF signal is
forbidden in the dipole approximation in media that possess inversion
symmetry but allowed at surfaces and interfaces where inversion
symmetry is necessarily broken. This technique, therefore, can be
employed as an interface-specific probe for systems that possess bulk
inversion symmetry. The intensity of the sum frequency signal,Isf, is
proportional to the square of the surface nonlinear susceptibility,ø(2):

whereøNR
(2) andøRν

(2) denote the nonresonant and resonant contribu-
tions, respectively. The termsAV, ωV, andΓν are the oscillator strength,
resonant frequency, and damping constant of theVth resonant mode,
respectively. All spectra presented in this work were collected with
the ssf, svis., andpir polarization combination.

Materials. The water used in the preparation of sodium phosphate
buffer solutions and in the cleaning of the experimental apparatus was
purified with a NANOpure Ultrapure Water System (Barnstead,
Dubuque, IA) with a minimum resistivity of 18 MΩ‚cm. PDDA (MW
400000-500000, Aldrich), was used to prepare 1.0 mg/mL stock
solutions adjusted to pH 1.5, 3.8, 5.6, 8.0, 9.6, and 12.3 (sodium
phosphate/phosphoric acid for pH 3.8, 5.6, 8.0, and 9.6; 0.5 M HCl
for pH 1.5; 0.5 M NaOH for pH 12.3). Appropriate amounts of
analytical reagent grade NaCl were added to increase the total electrolyte
concentration to the desired value. Polyelectrolyte free buffer solutions
were also used in these studies and prepared in the same manner as
above, but without PDDA. Control experiments were performed at all
pH values both with and without phosphate buffer. The presence of
the buffer in solution had no noticeable affect on the SF spectra ob-
tained within experimental error. Infrared-grade fused quartz windows
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Figure 1. Structure of PDDA.

Isf ≈ |ø(2)| 2IvisI ir ) |øNR
(2) + ∑øRν
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(o.d. 1 in., thickness1/16 in.) were purchased from Quartz Plus Inc.
(Brookline, NH). They were prepared by cleaning in hot chromic acid
for several hours, rinsing with copious quantities of purified water,
and baking in a kiln at 400°C overnight before use.

Data Collection and Controls. Experimental measurements were
carried out using a homemade flow-cell (volume ca. 2.0 mL) which
consisted of a machined Teflon body fitted with a fused quartz plate.
The incoming laser beams were focused concentrically on the bottom
face of the fitted quartz plate where polymer adsorption occurred. The
sides of the cell included an inlet and an outlet port to which Tygon
tubing (i.d. 0.06 in.) was attached for flowing polyelectrolyte solutions.
Polymer deposition was initiated by flowing PDDA solution (20 mL)
over the bare quartz/water interface for 200 s followed by removing
excess PDDA using sufficient amounts of buffer solution (100 mL)
with the same pH and total electrolyte concentration. To change the
pH of the bulk solution in the flow cell, stock solution at the desired
pH value was allowed to flow until the value at the outlet port varied
by less than(0.1 pH units compared with that at the inlet port.

Results

a. pH Effect. Since fused quartz surfaces are terminated by
titratable silanol groups, raising the pH causes an increase in
the interfacial charge density at the aqueous interface.33 Below
pH 3 nearly all the surface silanols are protonated, and the
surface charge becomes neutralized. On the other hand, at pH
12.3 nearly all surface silanols are deprotonated, leaving the
surface with a very high net negative charge. The increase in
charge density at higher pH leads to a larger electric field, which
aligns more water molecules near the interface than under acidic
conditions. This alignment manifests itself as a general increase
in SF signal in the OH stretch range as the pH is increased
above the bare quartz/water interface from pH 3.8 to 12.3
(Figure 2a). A slight rise in signal is also noted as the pH is
decreased from pH 3.8 to 1.5 (Figure 2a). This has been
previously attributed to hydrogen bonding between oxygen
atoms in interfacial water molecules with the surface silanol
moieties.18 Another possibility is that the surface may become
slightly positively charged under very acidic conditions, which
would also lead to increased alignment. The SF data demon-
strating these phenomena are in good agreement with previous
investigations.15,18,24Two major spectroscopic features are noted
at all pH values. A low-frequency peak is seen near 3200 cm-1,
which can be assigned to the OH symmetric stretch of
tetrahedrally coordinated water molecules or “ice-like” molec-
ular structure.18,34,35The second peak around 3400 cm-1 is from
water molecules with less ordered hydrogen bonding or “water-
like” structure.18,34

Figure 2b shows SF spectra of the quartz/water interface under
the same buffer conditions after adsorption of PDDA from bulk
solution. As can be clearly seen from the data, the trend from
pH 1.5 to 9.6 is nearly the reverse of that seen from bare quartz.
Namely, the ice-like peak intensity is strongest at pH 1.5 and
weakest at pH 9.6. The reason for this stems from the inversion
of theú-potential36 at the interface upon polyelectrolyte adsorp-
tion.15 The highest positive charge is achieved under conditions

where the original negative surface charge was smallest. Such
an inversion of charge is crucial to the formation of multilayer
thin films via the layer-by-layer growth technique of alternating
deposition of negatively and positively charged polyelectro-
lytes.5,15,29,30,37,38

With continued increase in the pH, the amount of deposited
PDDA continued to increase;39,40 however, the adsorption
became insufficient to reverse the sign of the interfacial charge,
and the interface remained negatively charged. Theoretical
modeling of such conditions indicated that charge inversion is
prevented when the screening length of the charge is quite short
and the total amount of positively charged polymer adsorbed is
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Figure 2. SFS spectra of the quartz/water interface in the OH stretch region
between pH 1.5 and 12.3 (a) before and (b) after adsorption of PDDA. The
solid lines are calculated fits to the data using a Voigt function from which
peak positions, widths, and oscillator strengths can be obtained. The inset
shows an enlargement of the CH stretch region. The beam polarizations
employed were s (sum frequency), s (visible), and p (infrared).
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high.29,30 This was the case at pH 12.3 where the SF signal in
the OH stretch range from the water/PDDA/quartz system was
higher than after deposition at pH 9.6, although it was
significantly lower than from the bare quartz surface at pH 12.3
(Figure 2). More significantly, new features began to arise in
the CH stretch range that were not seen under lower pH
conditions where the sign of theú-potential did invert upon
polymer deposition. The CH stretch peaks can be assigned to
CH2 and CH3 moieties of the macromolecule.25,41,42 At least
three individual modes at 2865, 2935, and 2970 cm-1 were
present. It should be emphasized that in the dipole approximation
SFS only generates signal from systems where centrosymmetry
is broken. Because of this selection rule, the presence of these
CH stretch features demonstrated that the polymer took on an
ordered arrangement with respect to the interface at pH 12.3.

To further investigate the effect of bulk pH on the ordering
of adsorbed PDDA, pH cycling experiments were performed
after initial adsorption at pH 12.3. Figure 3, a-f, show spectra
from the quartz/PDDA/water interface upon decreasing the pH
in the presence of a PDDA film adsorbed at pH 12.3. Figure
3g shows the same system after cycling back to pH 12.3. For
quantitative analysis of Figure 3, a-f, the values of the oscillator
strengths (Aν in eq 2) from the CH stretch feature at 2935 cm-1

were plotted as a function of pH, and the results are shown in
Figure 4. These data show that the intensities of the CH stretch
modes gradually decreased as the pH was lowered from 12.3
and disappeared by pH 8.0. On the other hand, the strength of
the ice-like peak near 3200 cm-1 decreased only until pH 9.6

where it reached a minimum. Lowering the pH to 8.0 allowed
the interface to invert the sign of theú-potential.29,30,39,40At
this point the ice-like peak began increasing again, and all
evidence for the CH stretch modes disappeared (f in Figure 3).
Reverting back to pH 12.3 revealed the return of the CH stretch
features (g in Figure 3). Moreover, the system could be cycled
many times and both the CH and OH stretch features seemed
to be reversible with the exception of a small increase in the
OH spectral intensities (approximately 10%) that occurred after
the first cycle. This increase probably corresponded to a small
amount of PDDA desorption upon initially lowering the bulk
pH. Also, the tiny residual CH stretch intensity which remained
upon lowering the bulk pH to 9.0 (Figure 3e) was probably
indicative of a certain amount of hysteresis in the system.

b. Effect of Adsorbed PDDA Amount. Experiments were
performed at pH 12.3 as a function of the adsorbed amount of
PDDA to determine whether the SF signal from the CH stretch
modes emanated from the entire polymer layer or just the portion
closest to the quartz interface. To vary the adsorption quantity,
deposition was carried out at several pH values (12.3, 9.6, 8.0,
5.6, 3.8, and 1.5) followed by raising the pH to 12.3. It is known
that the total mass of PDDA deposited is increased by over an
order of magnitude (from approximately 0.02 mg/m2 at pH 4
to over 0.7 mg/m2 near pH 11) as the pH above the quartz/
water interface is increased.39,40 The system was extensively
flushed with buffer (∼50x the flow cell’s volume) at the
adsorption pH to remove all excess PDDA from the bulk
solution before the pH was raised. Figure 5 shows the SF spectra
from the quartz/PDDA/water systems at pH 12.3 for all six
deposition conditions investigated. Curve-fitting the data re-
vealed relatively little variation in the signal intensity of the
CH stretch modes as a function of the adsorption conditions.
The results for the peak at 2935 cm-1 are shown in Figure 6. It
thus seems reasonable to postulate that only the PDDA closest
to the interface was actually well enough aligned to participate
in the creation of sum frequency signal as the experiment was
insensitive to the amount of adsorption.

In contrast to the constancy of the oscillator strength of the
CH stretch modes, the strength of the ice-like peak near 3200
cm-1 was strongest when PDDA adsorption was performed at
pH 1.5 and weakest at pH 12.3 (Figure 5). The reason stems
from the fact that reduced deposition of the positively charged
PDDA corresponded to diminished ability to attenuate the
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Figure 3. SFS spectra in the OH and CH stretch regions of the quartz/PDDA/water system at (a) pH 12.3 (O), (b) pH 11.6 (0), (c) pH 10.5 (4), (d) pH
9.6 (]), (e) pH 9.0 (×), (f) pH 8.0 (3), and (g) pH 12.3 followed by pH 8.0 (b). The solid lines are fits to the data. The data are split between two diagrams
to avoid spectral crowding.

Figure 4. Fitted oscillator strengths from the CH stretch mode at 2935
cm-1 as a function of bulk pH shown in Figure 3.
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surface potential (and hence the ice-like peak strength) at the
net negatively charged interface.

c. Effect of Electrolyte Concentration.Figure 7 shows SF
spectra of the quartz/PDDA/water interface at pH 12.3 at
different total electrolyte concentrations (32, 150, 500, and 1000
mM). By raising the total electrolyte concentration, peaks due
to the CH stretch modes were attenuated and disappeared when
the total concentration reached 1000 mM. On the other hand,

the ice-like peak intensity at first increased (32 to 500 mM),
but finally decreased as the total electrolyte concentration was
raised to 1000 mM.

It has been shown in previous studies that the amount of
adsorbed PDDA decreased at a given pH as the electrolyte
concentration was increased.43,44The decrease in CH intensities,
however, cannot be explained simply in terms of a decrease in
the interfacial PDDA concentration as demonstrated by the
results of Figures 5 and 6. Rather, the decreased intensity was
likely caused by enhanced charge screening as the electrolyte
concentration was raised.

The OH stretch results were more curious and probably the
result of two competing phenomena. First, as the ionic strength
was increased, the amount of PDDA on the surface was
attenuated as mentioned above. This should have led to increased
OH stretch signal as the net negative charge at the interface
was increased. On the other hand, increasing the ionic strength
also increased charge screening. This in turn caused the water
layer at the interface to become more disordered. It appears that
the charging effect was dominant until about 500 mM, at which
point the amount of adsorbed PDDA was quite small, and hence,
the primary effect of further increasing the ionic strength was
to screen the interfacial charge and in turn disorder the interfacial
water.

Discussion

We have explored the behavior of PDDA at the quartz/water
interface as a function of pH and ionic strength. A central
question that needs to be addressed in these experiments pertains
to the exact source of the sum frequency signal from the
polyelectrolyte layer. Potential candidates include the polymer
material directly adjacent to the quartz substrate, the material
at the polymer/buffer interface, or even the middle of the
polymer layer. The results from Figures 2-4 demonstrate that
uniquely under high pH conditions the PDDA molecules became
well-aligned at the interface. This behavior was fairly reversible
(Figure 3) and appears to argue for at least some of the signal
originating from the polymer material closest to the surface
where the PDDA can most strongly interact with the depro-
tonated surface silanols. One may consider a molecular level
picture for the increase in ordering of polymer material adjacent
to the quartz surface as the bulk pH is raised. Both experimental
and theoretical studies have revealed that increasing the surface
charge density induces more compact packing of electrostatically
adsorbed polyelectrolytes. The process works by transforming
the loosely packed globular coil conformation into a more
compact layer with a net decrease in layer thickness.44-46

Since the surface charge density affected the extent of
interfacial polymer alignment near the substrate surface, it would
be reasonable to assume that raising the solution’s ionic strength
should attenuate the CH stretch signal by decreasing the
screening length (Figure 7). When the adsorption of polyelec-
trolytes onto the charged quartz surface was carried out at low
electrolyte concentration, polyelectrolytes needed to adopt flatter
conformations, owing to electrostatic repulsion between the
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Figure 5. SFS spectra of the quartz/PDDA/water system at pH 12.3 in the
OH and CH stretch regions after deposition at pH 12.3 (O), pH 9.6 (×),
8.0 (0), 5.6 (4), 3.8 (]), and 1.5 (+). The pH of all systems was adjusted
to 12.3 before the spectra were obtained. The solid lines are fits to the
data.

Figure 6. Fitted oscillator strengths from the CH stretch mode at 2935
cm-1 as a function of deposition pH shown in Figure 5.

Figure 7. SFS spectra in the OH and CH stretch region from the quartz/
PDDA/water interface at pH 12.3 and various values of total electrolyte
concentration: (a) 32 mM, (b) 150 mM, (c) 500 mM, and (d) 1000 mM.
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charged polymer chains.47-49 At higher electrolyte concentration,
however, the repulsion between the PDDA molecules can be
reduced due to charge screening, and the adsorbed polyelec-
trolytes are allowed to adopt more “loopy” structures with
increased thickness at a given pH as suggested by previous
studies.7,47-50 These latter structures are almost certainly less
well-ordered and, hence, gave rise to the decrease in sum
frequency signal in the CH stretch range as the ionic strength
was increased.

The data in Figures 5 and 6 indicate that the CH stretch signal
is essentially independent of layer thickness. This appears to
rule out the possibility that signal is emanating from the middle
of the polymer layer. The experiments from Figures 2-7,
however, do not completely rule out the possibility that some
portion of the signal emanates from the polymer/buffer interface.
Nevertheless, this possibility seems unlikely. The material at
the polymer/buffer interface is screened from the fixed substrate
charge by the intervening polymer strands. Furthermore, it would
be quite difficult to explain the strong pH dependence of the
CH stretch signal if it were to arise from the polymer/buffer
interface since the polymer itself contains no titratable groups.

The behavior of the quartz/PDDA/water system may prove
to be quite general as we have recently observed similar results
for lysozyme (pI) 11.0) adsorbed at the quartz/water interface.
In that case, CH stretch modes were also uniquely present at
high pH values where the surface rather than the positively
charged biomacromolecules determined the sign of theú-
potential.51 A picture seems to be emerging of distinct behavioral
regimes for adsorbed macromolecules on oppositely charged
substrates. When the substrate charge density is low or the ionic
strength of the solution is sufficiently high, the repulsions
between the charged pendant groups on the macromolecules
lead to a largely disordered structure at the interface. On the
other hand, charged pendant groups in close proximity to the
interface become aligned with respect to the surface normal
when the ionic strength of the bulk solution is low and the initial
charge density of the substrate is sufficiently high to prevent
inversion of theú-potential upon adsorption (Figure 8).

The above findings are significant in light of the numerous
second-harmonic generation studies that have been performed
in search of thin films that retain inversion symmetry during
the layer-by-layer growth process.23,52,53 Indeed, the present
studies show the difficulty in using electrostatic forces alone to
align organic layers for use as nonlinear optical materials. This
is because the conditions that allow for the establishment of
well-ordered films are exactly those that do not allow LbL
growth to take place. It therefore seems apparent that other
forces such as steric or hydrogen bonding in more rigid
molecular architectures are required to align the dipoles in each
layer. Examples of such strategies include organic-inorganic
hybrid nanocomposites,54 asymmetric metal-organic complex-
ation,55 hydrophobic interactions between substrates and chro-

mophores,53 and covalent attachment of multilayers.56 Since
these chemistries require greater sophistication than simple
adsorption, it is still unknown whether Langmuir-Blodgett
methods or the LbL strategy will ultimately provide the superior
route to growing nonlinear optical films.

Conclusions

We monitored the deposition of PDDA, a positively charged
polyelectrolyte, at the quartz/water interface by SFS. CH stretch
modes were observed at high pH (g9.6), and their intensities
were attenuated upon lowering the pH. The strengths of these
peaks were dependent upon total electrolyte concentration but
were nearly independent of the amount of PDDA adsorbed.
Unlike lower pH conditions, the surface charge was not inverted
by PDDA adsorption at pH 12.3.
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Figure 8. Schematic representation of adsorbed PDDA at the quartz/water
interface from (a) a highly charged substrate, (b) an intermediately charged
substrate, and (c) a weakly charged substrate.
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