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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
(=9.6), 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 Despite its rich potential for applications and relatively simple

Extensive investigations of monolayer and multilayer films Preparation requirements, investigators have only begun to
have focused on the preparation of well-ordered structures. The®Xplore the underlying mechanistic processes that govern
goals of this research have ranged from building novel sensor Multilayer formation from LbL depositiof::*1%4A molecular
devices to the creation of organically based nonlinear optical '€vel understanding of such processes will be necessary if full
materials. Two major approaches for ordered film formation €xploitation of the LbL technique for highly tailored film
have included LangmuirBlodgett (LB) and self-assembled ~9€ometries is to be achieved. Since LbL growth is mainly
monolayer (SAM) techniqué€ Somewhat more recently, a new governed by_eIectrostaUc |ntera_ct|ons, _control_ over the sur_face
preparative method, layer-by-layer (LbL) deposition of poly- charge (_jensny of the sub;trate is crucial for f|_Ir_n constru_cnon.
electrolytes from agueous solution, has begun to gain notice.Adsorption under such highly charged conditions inevitably
This relatively simple and effective procedure was developed involves structural rearrangemerjts of bpth the adsorbed poly-
by Decher and co-workers and is based upon the pioneerin(‘:’electrolytes and the associated interfacial water molecules.
work of ller et al3~5 The basic concept exploits the electrostatic ~ As the interfacial regime usually exhibits spatial orientation
attraction between a Charged solid substrate and Opposite|yVVith respect to an underlying Charged SUbStrate, infrared-visible
charged polyelectrolytes in solution. Positively and negatively Sum frequency spectroscopy (SFS), a surface specific vibrational
charged polymers are sequentially introduced to a liquid/solid technique, and second harmonic generation (SHG) are ideal tools
interface to create nanoscale supramolecular architectures. Thdor investigation of these buried polymer interfaées? In fact,
methodology is quite flexible and has been employed in the
formation of a variety of materiafs.12
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Figure 1. Structure of PDDA.

SFS has already been used to obtain important information on

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/

the nature of noncrystalline polymer surfaces, which possessympiifier (OPG/OPA) stage (Laser Vision, Bellevue, WA) where

better molecular alignment than the corresponding bulk materi- tynable infrared radiation was produced in addition to frequency-

als?26|t has also been shown that changing the environment doubled radiation at 532 nm. The OPG/OPA consisted of two parts.
of the polymer surface from hydrophobic to hydrophilic can The first was an angle-tuned potassium titanyl phosphate (KTP) stage
lead to changes in the alignment of interfacial pendant groups pumped with 532 nm light to generate near-infrared radiation between

attached to the macromolecufég®We, 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.

1.35 and 1.85um. 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%fm cnr*
fwhm). The intensity of the radiation was approximately 20pulse

near 3500 cm®. The tunable IR beam was combined with the 532 nm
radiation at the sample interface at incident angles &f &id 42,
respectively, with respect to the surface normal. The power of the 532

Recently, we reported that sequential deposition at the quartz/nm peam, which was generated in an initial KTP stage, was 1 mJ/
water interface of a positively charged polymer, PDDA, and a pulse at the sample. The sum frequency signal generated from the
negatively charged polymer, the sodium salt of polystyrene sample was collected by a photomultiplier tube, sent to a gated
sulfonic acid (PSS), dramatically affected the interfacial water integrator, and stored digitally. For each scan, data were collected in 6

structurel® 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

cmt increments in the 28063600 cnT? range.

SFS.The theory and experimental setup of SFS have been described
in detail elsewheré!-32Briefly, sum frequency spectroscopy involves
a second-order nonlinear optical process in which two input beams
with frequenciesv;r andw.is overlap in a medium to generate an output
at the sum frequencys. 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

bare quartz/water interfaces. The sum frequency (SF) spectraemployed as an interface-specific probe for systems that possess bulk
from these systems revealed the remarkable presence of CHnversion symmetry. The intensity of the sum frequency sigiglis
stretch peaks under very basic conditions where the substrateProportional to the square of the surface nonlinear susceptibjffty,
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 impossibi@3°We believe that
the imposition of long-range order upon a charged macro-

@2 _ 2 2),2
lsf"' |X( )l Ivislir - |XNR( )+ Z%Rv( )l Ivislir (1)

1~ AJ(@, = w; -iT) &)
whereynr® andyr,? denote the nonresonant and resonant contribu-
tions, respectively. The tern#s, w,, andI', are the oscillator strength,
resonant frequency, and damping constant of:heresonant mode,
respectively. All spectra presented in this work were collected with
the sy, Siis, andpir polarization combination.

Materials. The water used in the preparation of sodium phosphate

buffer solutions and in the cleaning of the experimental apparatus was

molecule at an oppositely charged interface may be quite general, jifieq with a NANOpure Ultrapure Water System (Barnstead,
under conditions where charge inversion does not occur. In this pypuque, I1A) with a minimum resistivity of 18 &-cm. PDDA (MW

report results are presented for water structure and PDDA
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S0c.2001, 123 9470-9471.

(29) Joanny, J.-Feur. Phys. J. B1999 9, 117-122.

(30) Netz, R. R.; Joanny, J.-Macromolecules999 32, 9013-9025.

8752 J. AM. CHEM. SOC. = VOL. 124, NO. 29, 2002

400006-500000, 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 HCI
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

(31) Shen, Y. RNature1989 337, 519-525.
(32) Shen, Y. RSurf. Sci.1994 299300, 551-562.
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(o.d. 1 in., thicknes$/ss in.) were purchased from Quartz Plus Inc. a. Before Adsorption b. After PDDA Adsorption

(Brookline, NH). They were prepared by cleaning in hot chromic acid
for several hours, rinsing with copious quantities of purified water,
6{pH12.3, ﬁ
4
L
2800 2900 300G

- ! : pH 123 om,
and baking in a kiln at 400C overnight before use. g

Data Collection and Controls. Experimental measurements were 4
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 2 pH 9.6 (6) pH 9.6
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. 4 4
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) D 0 ] —
with the same pH and total electrolyte concentration. To change the ~_; 61 pH8.0 61 pHB.0
pH of the bulk solution in the flow cell, stock solution at the desired S 4 4
pH value was allowed to flow until the value at the outlet port varied — 2»
by less thant0.1 pH units compared with that at the inlet port. é‘ 2 ﬂ 2
Result g2 o 0
esults S e |pHss 6| pH 5.6
a. pH Effect. Since fused quartz surfaces are terminated by g 4
titratable silanol groups, raising the pH causes an increase in .20
the interfacial charge density at the aqueous intefagelow 2 2 /Nw\ 2 /\
pH 3 nearly all the surface silanols are protonated, and the va o 0

surface charge becomes neutralized. On the other hand, at pH 61pH38 61pH38
12.3 nearly all surface silanols are deprotonated, leaving the 4
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 0

conditions. This alignment manifests itself as a general increase 61 pH 1.5

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

pH 1.5

(Figure 2a). A slight rise in signal is also noted as the pH is 2 /\.\

decreased from pH 3.8 to 1.5 (Figure 2a). This has been 0

previously attributed to hydrogen bonding between oxygen 2800 3000 3200 3400 3600 | 2800 3000 3200 3400 3600
atoms in interfacial water molecules with the surface silanol 1

moieties!8 Another possibility is that the surface may become Wavenumber (cm )

slightly positively charged under very acidic conditions, which Figure 2. SFS spectra of the quartz/water interface in the OH stretch region

would also lead to increased alignment. The SF data demon-belt_\:j\/?e" pH 1.5 ?no: 1t2a3f_(ta)tbetfﬁr% a?d (b) afteiladst(}rptiti_n OffPDDAh_T?‘e
: H . . 1a 1in r I Ing a | nction from wni

,Stratm,g these phenomenalare in good agreement with prewous;gak poessitia(l)r?s(,:%v(i:c;jtr?s? andso(;ciIIZto?1 :truesng?hs cgngbeuogt:ineci The i?]set

investigations>1824Two major spectroscopic features are noted shows an enlargement of the CH stretch region. The beam polarizations

at all pH values. A low-frequency peak is seen near 3200'cm  employed were s (sum frequency), s (visible), and p (infrared).

which can be assigned to the OH symmetric stretch of

tetrahedrally coordinated water molecules or “ice-like” molec- where the original negative surface charge was smallest. Such

ular structuré83435The second peak around 3400¢is from an inversion of charge is crucial to the formation of multilayer
water molecules with less ordered hydrogen bonding or “water- thin films via the layer-by-layer growth technique of alternating
like” structurel8.34 deposition of negatively and positively charged polyelectro-

Figure 2b shows SF spectra of the quartz/water interface underlytes?1529,30.37.38

the same buffer conditions after adsorption of PDDA from bulk ~ With continued increase in the pH, the amount of deposited

solution. As can be clearly seen from the data, the trend from PDDA continued to increas&;*® however, the adsorption

pH 1.5 to 9.6 is nearly the reverse of that seen from bare quartz.became insufficient to reverse the sign of the interfacial charge,

Namely, the ice-like peak intensity is strongest at pH 1.5 and and the interface remained negatively charged. Theoretical
weakest at pH 9.6. The reason for this stems from the inversionmodeling of such conditions indicated that charge inversion is

of the Z-potentiaf® at the interface upon polyelectrolyte adsorp- prevented when the screening length of the charge is quite short
tion.15 The highest positive charge is achieved under conditions and the total amount of positively charged polymer adsorbed is

(33) ller, R. K.The Chemistry of SilicaWiley: New York, 1979. (37) Ladam, G.; Schaad, P.; Voegel, J. C.; Schaaf, P.; Decher, G.; Cuisinier, F.
(34) Eisenberg, D.; Kauzmann, Whe Structure and Properties of Water Langmuir200Q 16, 1249-1255.

Oxford University Press: New York, 1969. (38) Caruso, F.; Donath, E.; Mavald, H.J. Phys. Chem. B998 102 2011-
(35) Walrafen, G. E. IrRaman and Infrared Spectral dastigations of Water 2016.

Structure Franks, F., Ed.; Plenum: New York, 1972; Vol. 1, pp 151 (39) Schwarz, S.; Buchhammer, H.-M.; Lunkwitz, K.; Jacobasch, i&elloid

214. Surf., A1998 140, 377-384.
(36) ¢-Potential is defined as the potential difference between the bulk liquid (40) Bauer, D.; Buchammer, H.; Fuchs, A.; Jaeger, W.; Killmann, E.; Lunkwitz,
and the shear plane in the electric double layer where ions begin to move. K.; Rehmet, R.; Schwarz, £olloid Surf. A1999 156, 291—305.
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Figure 3. SFS spectra in the OH and CH stretch regions of the quartz/PDDA/water system at (a) pY 218 ¢H 11.6 (), (c) pH 10.5 &), (d) pH
9.6 (), (e) pH 9.0 &), (f) pH 8.0 (%), and (g) pH 12.3 followed by pH 8.@®). The solid lines are fits to the data. The data are split between two diagrams
to avoid spectral crowding.

0.10 where it reached a minimum. Lowering the pH to 8.0 allowed
= 0.08 the interface to invert the sign of thipotential?®-30.39.40At
E this point the ice-like peak began increasing again, and all
& 0.06 1 evidence for the CH stretch modes disappeared (f in Figure 3).
;% 0.04 - Reverting back to pH 12.3 revealed the return of the CH stretch
8 features (g in Figure 3). Moreover, the system could be cycled
= 002 many times and both the CH and OH stretch features seemed
3 000 : : : . to be reversible with the exception of a small increase in the
8 9 0 11 12 13 OH spectral intensities (approximately 10%) that occurred after
pH of Bulk Water the first cycle. This increase probably corresponded to a small
Figure 4. Fitted oscillator strengths from the CH stretch mode at 2935 amount of PDDA desorption upon initially lowering the bulk
cm1 as a function of bulk pH shown in Figure 3. pH. Also, the tiny residual CH stretch intensity which remained

_ ) _ ~upon lowering the bulk pH to 9.0 (Figure 3e) was probably
high?*3°This was the case at pH 12.3 where the SF signal in jngicative of a certain amount of hysteresis in the system.
the OH stretch range from the water/PDDA/quartz system was b. Effect of Adsorbed PDDA Amount. Experiments were

h_|gh$_r tht?nl afterthdepfosnuzqu] %t pH 9'?’ altfhought If—l "1\';53 performed at pH 12.3 as a function of the adsorbed amount of
S":gn' |ca2 yMower - apf_ ror‘r:l € ar? ql:ar z Stl:r ace? PF 12.3 bppA to determine whether the SF signal from the CH stretch
Eh'guc;: )i torr1e signi 'Ct?]nty’ new e? ures egzn CI) arise 'T_l modes emanated from the entire polymer layer or just the portion
€ - streich range thal were not seen under IoWer pH ¢ qast to the guartz interface. To vary the adsorption quantity,
conditions where the sign of thepotential did invert upon o .
i ; deposition was carried out at several pH values (12.3, 9.6, 8.0,
polymer deposition. The CH stretch peaks can be assigned to d foll d by raising th s k
CH, and CH moieties of the macromolecute42 At least 56, 3.8, and 1.5) followed by raising the pH t0 12.3. It is known
2 ; that the total mass of PDDA deposited is increased by over an

three individual modes at 2865, 2935, and 2970 tmere order of magnitude (from approximately 0.02 m@/at pH 4
present. It should be emphasized that in the dipole approxma’uonto over 0.7 mg/i near pH 11) as the pH above the quartz/

SFS only generates signal from systems where centrosymmetry ater interface is increas@®®® The svstem was extensivel
is broken. Because of this selection rule, the presence of thes W inter IS ) Y } W X Vely
CH stretch features demonstrated that the polymer took on an Iushed_wnh buffer {-50x the flow cell’s volume) at the
ordered arrangement with respect to the interface at pH 12.3'adso.rpt|on pH to remove gll excess PDDA from the bulk
To further investigate the effect of bulk pH on the ordering solution before the pH was raised. Figure 5 shows the SF spe_ctra
of adsorbed PDDA, pH cycling experiments were performed from t_hg quartz{l?DDA/water systems at pll—|.12.3 for all six
after initial adsorption at pH 12.3. Figure 3;-8 show spectra deposition C_O”d'“f’“s |nvgs'_[|gat_ed. Cur_ve-fltt!ng th_e data re-
from the quartz/PDDA/water interface upon decreasing the pH vealed relatively little vananqn in the signal mtgnsny of. 'Fhe
in the presence of a PDDA film adsorbed at pH 12.3. Figure CH stretch modes as a function of the adsorpno_n conditions.
3g shows the same system after cycling back to pH 12.3. For 1 he results for the peak at 2935 chare shown in Figure 6. It
quantitative analysis of Figure 34 the values of the oscillator ~ t1US S€ems reasonable to postulate that only the PDDA closest
strengths A, in eq 2) from the CH stretch feature at 2935¢m f[o the mterfgce was actually well epough aligned to partlmpate
were plotted as a function of pH, and the results are shown in I the creation of sum frequency signal as the experiment was
Figure 4. These data show that the intensities of the CH stretchiNsensitive to the amount of adsorption.
modes gradually decreased as the pH was lowered from 12.3 In contrast to the constancy of the oscillator strength of the
and disappeared by pH 8.0. On the other hand, the strength ofCH stretch modes, the strength of the ice-like peak near 3200
the ice-like peak near 3200 cthdecreased only until pH 9.6 ~ cm ! 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
(42) Richmond, G. LAnal. Chem1997, 17, 5536A-543A. PDDA corresponded to diminished ability to attenuate the

8754 J. AM. CHEM. SOC. = VOL. 124, NO. 29, 2002
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5 the ice-like peak intensity at first increased (32 to 500 mM),
R Deposition but finally decreased as the total electrolyte concentration was
atpH 1.5 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 increasét*4 The 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
3400 3600 was increased, the amount of PDDA on the surface was
4 attenuated as mentioned above. This should have led to increased

Wavenumber (cm ) OH stretch signal as the net negative charge at the interface
Figure 5. SFS spectra of the quartz/PDDA/water system at pH 12.3 in the was increased. On the other hand, increasing the ionic strength
OH and CH stretch regions after deposition at pH 123 pH 9.6 (x), also increased charge screening. This in turn caused the water

8.0 O), 5.6 (1), 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 layer at the interface to become more disordered. It appears that

Deposition
atpH 5.6

N

w

[\

SF Intensity (A.U.)

—_
L

Deposition
at pH 12.3

04 : :
2800 3000 3200

data. the charging effect was dominant until about 500 mM, at which
point the amount of adsorbed PDDA was quite small, and hence,
~ 010 the primary effect of further increasing the ionic strength was
Ec)' 0.08 to screen the interfacial charge and in turn disorder the interfacial
= water.
%0 0.06 -
g W Discussion
7 0.04 1
£ We have explored the behavior of PDDA at the quartz/water
7 0027 interface as a function of pH and ionic strength. A central
© 600 1 . ; : ; . question that needs to be addressed in these experiments pertains
2 4 6 8 10 12 to the exact source of the sum frequency signal from the
PDDA Deposition pH polyelectrolyte layer. Potential candidates include the polymer
Figure 6. Fitted oscillator strengths from the CH stretch mode at 2935 Material directly adjacent to the quartz substrate, the material
cm1 as a function of deposition pH shown in Figure 5. at the polymer/buffer interface, or even the middle of the
. polymer layer. The results from Figures-2 demonstrate that
uniquely under high pH conditions the PDDA molecules became

a. 32 mM "
b. 150 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
0 compact layer with a net decrease in layer thickrfés¥.

2800 3000 3200 3400 3600 3000 3200 3400 3600 Since the surface charge density affected the extent of

Wavenumber (cm’) interfacial polymer alignment near the substrate surface, it would

Figure 7. SFS spectra in the OH and CH stretch region from the quartz/ be reasonable to assume that raising t_he solution’s ionic _strength
PDDA/water interface at pH 12.3 and various values of total electrolyte Should attenuate the CH stretch signal by decreasing the
concentration: (a) 32 mM, (b) 150 mM, (c) 500 mM, and (d) 1000 mM.  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

d. 1000 mM

SF Signal Intensity (A.U.)

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 (43
different total electrolyte concentrations (32, 150, 500, and 1000 (44
mM). By raising the total electrolyte concentration, peaks due (45
to the CH stretch modes were attenuated and disappeared whep, s Borov O V. Zhulina, E. B Birshtein, T. M. Phys. 111994 4, 913
the total concentration reached 1000 mM. On the other hand, 929.
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charged polymer chairf§-4° At higher electrolyte concentration, a Highly Charged Substrate
however, the repulsion between the PDDA molecules can be | Qi |
reduced due to charge screening, and the adsorbed polyelec- N S S W W S W
trolytes are allowed to adopt more “loopy” structures with & e
increased thickness at a given pH as suggested by previous
studies’*7-50 These latter structures are almost certainly less ‘?3 & P ¥
well-ordered and, hence, gave rise to the decrease in sum ® B » 8 &
frequency signal in the CH stretch range as the ionic strength
was increased. b. [nl.ermediately Charged Substrate
The data in Figures 5 and 6 indicate that the CH stretch signal | |
is essentially independent of layer thickness. This appears to L .l_lﬂ ) ST S S A S N
rule out the possibility that signal is emanating from the middle & h @
of the polymer layer. The experiments from Figures72 @ . &

however, do not completely rule out the possibility that some 8 . ¥ a
portion of the signal emanates from the polymer/buffer interface. 8 b ¥ ’
Nevertheless, this possibility seems unlikely. The material at ¢. Weakly Charged Substrate
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 (pl= 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 ghe H PDDA @ Water
potential?! A picture seems to be emerging of distinct behavioral
regimes for adsorbed macromolecules on oppositely Charged_Figure 8. Schematic representation of adsorbed PDDA at the quartz/water
substrates. When the substrate charge density is low or the ionic'snutﬁgﬁgfefrg?d(?g)aahﬁggkﬁlh2;%?3;“Zitg::fa’u(eb_) an intermediately charged
strength of the solution is sufficiently high, the repulsions
between the charged pendant groups on the macromoleculesnophore$? and covalent attachment of multilayéfsSince
lead to a largely disordered structure at the interface. On thehese chemistries require greater sophistication than simple
other hand, charged pendant groups in close proximity to the a4sorption, it is still unknown whether LangmeiBlodgett

interface become aligned with respect to the surface normal methods or the LbL strategy will ultimately provide the superior
when the ionic strength of the bulk solution is low and the initial 5 te to growing nonlinear optical films.

charge density of the substrate is sufficiently high to prevent
inversion of the¢-potential upon adsorption (Figure 8). Conclusions

The above findings are significant in light of the numerous e monitored the deposition of PDDA, a positively charged
second-harmonic generation studies that have been performegolyelectrolyte, at the quartz/water interface by SFS. CH stretch
in search of thin films that retain inversion symmetry during modes were observed at high pHg.6), and their intensities
the layer-by-layer growth proce$¥>2°3Indeed, the present  \yere attenuated upon lowering the pH. The strengths of these
studies show the dlff|CU|ty in Using electrostatic forces alone to peaks were dependent upon total e|ectro|yte concentration but
align organic layers for use as nonlinear optical materials. This were nearly independent of the amount of PDDA adsorbed.

is because the conditions that allow for the establishment of ynjike lower pH conditions, the surface charge was not inverted
well-ordered films are exactly those that do not allow LbL py PDDA adsorption at pH 12.3.

growth to take place. It therefore seems apparent that other
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