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Abstract

The first surface vibrational sum frequency generation (SFG) spectroscopic studies of amine-terminated®SRdxburst

MAM GO and G1 and acylated PAMAM GO dendrimers at the glass—, gold—, and air—dendrimer interface are presented.
Amine-terminated PAMAM GO and G1 dendrimers as compared to the acylated PAMAM GO dendrimer reveal significantly
different surface SFG spectroscopic signatures. Raman spectra from PAMAM GO and G1 dendrimers are presented for com-
parison of the bulk vibrational spectra to that of the surface. The SFG data is suggestive of skewed methylene conformations

in a distribution about the normal of the surface.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction The potential for new dendrimer applications is as
diverse as the very nature of the chemical versatility
Dendrimers are a unique class of polymé¢is. of dendrimers. They are well suited for new avenues

They are distinguished from randomly hyper-branched in materials science as a distinctive classification of
dendritic polymers in that each monomer joins the polymers, but due to their uniquely uniform struc-
molecule at one site and adds two or more additional ture, there are many other promising areas for which
sites for further polymerization. The molecule ex- dendritic molecules are being developed. For exam-
pands with each successive generation of monomericple, as dendrimers grow generationally, they quickly
units in an extremely ordered, exponentially geometric become macromolecular in size. This allows one to
fashion. When produced using a divergent synthesis, remove larger dendrimers from a solution by simple
the polymers are constructed outwardly from a core filtration. Often, expensive catalysts are unrecover-
molecule, such as ammonia or ethylenediamine. When able during the product work-up stage of a chemi-
produced using a convergent synthesis, the polymerscal reaction. A macromolecular dendrimer modified
are built from the periphery inward, joining fan-like at the periphery with an appropriate catalyst could
branches called dendrons to a core mole¢uj2]. be recovered and recycled from a reaction mixture
by filtration [3]. Another important application that
shows promise is in the area of biomimicry. Many
* Corresponding author. Fax:1-614-292-1685. biologically significant molecules, including insulin,
E-mail address: allen@chemistry.ohio-state.edu (H.C. Allen). cytochrome C, and hemoglobin, are of the same
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spherical shape and diameter of certain dendrimer Various studies have begun to disclose other unique
moleculeg4]. Researchers have postulated that den- behaviors of dendrimers. For example, studies indi-
drimer molecules could be developed to carry out cate that the size and dimensions of higher-generation
therapeutic functions by complexing the dendrimers PAMAM remain constant over changes of tem-

with biologically relevant molecules. Dendrimers perature and solvent quality, refuting the idea that
have already been used to mimic histone, a molecule these molecules can backfold to any substantial ex-

used by the body to coil strands of DNA, for gene
therapy researck3]. Another area of dendrimer re-
search is that of drug delivery. Dendrimers of fourth
or fifth generation tend to become rigid as the molec-
ular periphery becomes highly populated and steri-
cally crowded; likewise, the interior regions of these
molecules are relatively hollow, providing protected
space for a potentially sensitive molecule, e.g. a drug
molecule. In this manner, a dendrimer could be de-
veloped to protectively carry a drug to a particular
site in the body before it is released to carry out its
function[5].

The creativity of the synthetic chemist has under-
scored the seemingly infinite ways in which dendritic

tent due to the change of environmental conditions
[9]. On the other hand, PAMAM dendrimers have
been shown to undergo pH-dependent internal con-
formational changes as the amines become proto-
nated and carry a positive charge. The electrostatic
repulsion between internal amines may drive the
dendrimer into a more expanded configuration, en-
couraging the branches to spread ¢u0]. There

is a body of literature discussing energy transport
within dendrimers [11] and fluorescence studies
[12,13] There are a relatively few publications dis-
cussing the infrared spectra of PAMAM dendrimers
[14-17] and even fewer publications discussing Ra-
man spectroscopic studies of dendrimers in general

molecules can be manipulated to express different [18].

properties and therefore potentially different func-

Although there has been a significant amount of

tions. For example, researchers have shown thatresearch completed to date, there still remain many

dendrimer generations can be functionally alternated,
or radially layered. In one case, this was accom-
plished with hydrophilic amidoamine and hydropho-
bic organosilicor{6]. Another example of controlling
the structure of dendrimers was shown by synthesiz-
ing dendrimers capable of intramolecular hydrogen
bonding[7].

Among the physical properties of dendrimers that
have garnished the most attention are molecular di-
mensions, uniformity of size and shape, degree of
rigidity, location of terminating groups, and behavior
on liquid and solid surface8]. As the generation in-

guestions as to the structural conformation of den-
drimers, each having their own individual properties.
PAMAM dendrimers, perhaps because of their com-
mercial availability, have been studied and modified
extensively by researchers probing the unique nature
of these macromolecules. However, there are cur-
rently no published accounts using surface vibrational
sum frequency generation spectroscopy to study den-
drimers at surfaces.

It is important to understand molecules such as
PAMAM dendrimers at interfaces due to their poten-
tial applications. With the many exciting prospects

creases to generations two, three, and four, dendrimersahead for the future of dendritic polymers, un-

begin to expand rapidly in size and mass. Further, derstanding the intramolecular and intermolecular
while the molecular branches may still be relatively structure/orientation of dendrimers and how this ori-

free in motion, the periphery of the molecule becomes entation is affected by the chemical and physical envi-
more crowded until the molecule can no longer lie ronment, i.e. at various interfaces, are important since
flat. Even in the least energetic conformation, the structure and function are related. This inevitably

molecules are forced to take on a macromolecular, requires the utilization of analytical techniques well

three-dimensional shape. Above generation four, den- suited to investigate these properties.

drimers like PAMAM are considered to be globular Molecular behavior at surfaces and interfaces can
and/or spherical in shape, and as the generationsbe quite unique. Changes in interfacial behavior can
progress upward, the molecular periphery becomes potentially influence practical applications in that

more crowded until the molecules cannot accept the surface activity can alter molecular uptake by a sur-
complete addition of another generatif@&j. rounding environment, or perhaps a tendency toward
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monolayer self-assembly could lead to coating, film, associated with producing high mode-quality short
and/or membrane applications. IR laser pulses. One method is to append a deuter-
Studying surfaces and interfaces ushers in com- ated methyl functionality to the periphery of the
pletely different challenges, as there are few analyti- PAMAM molecules, so that the methyl CH stretch-
cal techniques that can differentiate between a surfaceing frequencies would be red-shifted away from the
or interface and the bulk properties of a substance. A large aliphatic CH stretch absorption. Considering
surface-specific optical technique that has been gain-the size of PAMAM dendrimer molecules and the
ing prominence in the past 15 years is surface vibra- abundance of methylene groups, their vibrational
tional sum frequency generation (SFG) spectroscopy. spectra will have no shortage of vibrational modes in
Second order nonlinear techniques such as sum fre-the aliphatic CH stretch region. Even PAMAM GO,
quency (SF) spectroscopy depend upon lack of inver- the smallest PAMAM dendrimer, has 246 modes and
sion symmetry at the microscopic and macroscopic 18 methylene groups. Thus, the difficulty arises in
scale for signal intensity. While centrosymmetric me- spectral interpretation, and, therefore, deuteration of
dia possess symmetry about a center of inversion, the PAMAM terminating groups would help facilitate
all substances are asymmetrical at a surface, morespectral assignment.
appropriately referred to as an air-liquid, air-solid, In this paper, we present data on the CH vibrational
liquid—liquid, liquid—solid, or solid—solid interface. character of the first two generations of the StarfSurst
Other surface technologies have been utilized PAMAM (poly(amidoamine)) dendrimer, GO and G1.
to study dendrimers at surfaces. Atomic force mi- Although we are currently synthesizing the acylated
croscopy has been used extensively to study molecu-PAMAM GO and G1 with end groups terminating
lar dimensions, shape, and orientation of dendrimers in CD3 for further vibrational characterization, this
on surfaces[19-24] A plethora of other studies is beyond the scope of this paper. Here, vibrational
exist probing various surface dendrimer properties, data is presented from the bulk condensed phase us-
such as measuring adsorption with a quartz crystal ing Raman spectroscopy and at the air—, glass—, and
microbalance25], testing chemical sensor potential gold—dendrimer interfaces using broadband sum fre-
with a surface acoustic wave mass balafieg, ob- quency generation (BBSFG) spectroscopy. In addition,
serving dendrimer adsorption onto a self-assembled BBSFG of an acylated PAMAM GO dendrimer (—NH
monolayer by attenuated total reflectance surface en-converted to -NH(CO)C§) are presented.
hanced infrared absorption spectroscdgp], and _
another study that combined some of these techniquesl-1. Sum frequency generation theory
with ellipsometry, contact-angle measurements,
ac-impedance spectroscopy, and cyclic voltammetry
to observe the orientation of PAMAM dendrimers
on different types of surfacg®6]. A recent review
by Tully and Fréchef27] concluded that dendrimers
are well suited for application at interfaces since the
unigue dendritic structure gives rise to unusual chem-
ical and physical properties. Thus, any new analytical
technique that can help to better explain the behavior

of these unigue molecules at interfaces would be of . ) .
a analytical probe. The SFG intensitgrg, as shown

considerable benefit. . . :
in Eqg. (1) is proportional to the absolute square of

A reasonable approach for studying SFG and Ra- h : d ord i ibil
man spectra of dendrimers would be to modify the t & macroscopic second order nonlinear susceptibil-

2 ; ; )
PAMAM dendrimer in such a way as to alter their iY: x*®, which consists of a resonant teprf’ and a

vibrational spectra in the CH stretching region to nonresonant terrn,(\,zF){.

simplify interpretation. Infrared frequencies currently
2 (2
INR T D_XR,
v

Sum frequency generation has been utilized for in-
vestigations of surfaces for more than a decade. The
theory has been described previoug$—31] How-
ever, a brief overview of the theory is presented here.
SFG is a second order nonlinear optical process. Under
the electric-dipole approximation, SFG is forbidden
in media with inversion symmetry but allowed at sur-
faces and interfaces where inversion symmetry is bro-
ken. Therefore, SFG can be used as a surface-selective

2
employed in SFG spectroscopic methods are generally ;. 1x??

. ; I (1)
in the 2000-3800 cm' region due to the difficulties
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When the frequency of an incident infrared beang,, 2. Experimental

is resonant with a surface vibrational modehat is

both infrared and Raman active, the resonant suscep-2.1. Instrumentation

tibility term dominates the intensity of the SFG re-

sponse. The resonant macroscopic nonlinear suscepti- Proton NMR spectra were obtained with a Bruker

bility, Xg), is shown inEq. (2) DPX-400 NMR spectrometer using a<3tp angle, a
' 1s recycle time, and 16 scans. THé NMR spectra
@) Ay 2 were calibrated to theqemethanol quintet at 3.31 ppm
XR, X ; (2
v wy — R — i) [32].

The Raman experimental setup consisted of a
785nm CW laser (Process Instruments Inc.), a
5mm focusing Raman Probe (InPhotonics Inc.),
a 500 mm monochromator (Acton Research Spec-
traPro SP-500) using an 1800g/mm holographic
grating and a back-illuminated charge-coupled device
camera (1340« 400 pixel array; Roper Scientific
LN40OEB-deep depletion CCD). The illumination
' fiber optic of the Raman probe allowed for illuminat-

ing the dendrimer sample and the Raman backscatter

was collected through the second (collection) fiber
X|(32;)< R = NZ(MJijﬂmlmﬂ’Ru ©) optic a_fter passing through the detection optics. _The
’” collection fiber was connected to the entrance slit of
the monochromator. SpectraSense software (Acton
The surface susceptibility® is a 27-element tensor  Research version 4.0.6) was used for data collection
and can be reduced by invoking symmetry constraints. and display. For the Raman measurements, the sam-
If an azimuthally isotropic interface is assumed, only ple was contained in a glass vial and placed in a
four independent components of? are nonvan- home-built Raman collection stage that also housed

where A, is the strength of the transition moment,
w, is the frequency of the transition and, is the
line-width of the transition. The amplitude,, is
nonzero when the Raman and the infrared transitions
are spectroscopically aIIowed(.gv) is related to the
molecular hyperpolarizabilitys,, shown inEqg. (3)

by the number density of surface specils,and an
orientationally averaged Euler angle transformation
{((13k:1mn)» between the laboratory-coordinate J, K)
and the molecule-coordinatg (n, n).

Imn

ishing. These are(;;;, xxz = Xy Xox = Xz the Raman probe. Power measurements at the end
Xxzx = Xyzy» Wherezis chosen to be along the surface of the probe indicated that the sample was subjected
normal andx in the incident plane. The fougx® to ~75mW of CW 785nm laser light. (Initially,

components can be deduced by collecting the SFG 532nm CW light was utilized; however, the fluores-
response using different polarization combination cent background of the samples of PAMAM GO and
measurements, SSP (S: S-polarized sum frequency;G1 interfered with the measurement.) Raman spectral
S: S-polarized 800 nm; P: P-polarized infrared), SPS, resolution was 5cmt.
PSS, PPP. The different polarization combinations are  Details of the setup for the broadband sum fre-
sensitive to different¢® components. In this study, quency generation spectroscopy experiment have been
the SSP polarization combination was utilized. described previously33]. However, the system has
The theory of broadband sum frequency genera- been modified slightly, and therefore a brief descrip-
tion (BBSFG) is the same as that for sum frequency. tion will be given here. The BBSFG system consists
Typically in sum frequency generation spectroscopy, of two regenerative amplifiers (Spectra-Physics Spit-
the infrared frequencies are narrowband and must befire, fs and ps versions), both of which are seeded by a
scanned. The SFG response is then obtained one dataub-50 fs 800 nm pulse from a Ti: Sapphire oscillator
point at a time. Broadband sum frequency generation (Spectra-Physics Tsunami). The oscillator is pumped
utilizes a broad bandwidth infrared beam and a nar- by 4.7 W from a Nd:YVQ CW laser (Spectra-Physics
row bandwidth 800 nm beam. The broad bandwidth IR Millennia Vs). The regenerative amplifiers are pumped
beam allows for probing a large spectral region with- by an all solid-state Nd:YLF laser (Spectra-Physics
out scanning the infrared frequency. This allows the Evolution 30, 527 nm); 8 and 12 W are used in the fs
full SFG spectrum to be acquired from one pulse. and ps regenerative amplifiers, respectively. The all
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solid-state Nd:YLF replaced the flash lamp-pumped was performed by placing one drop (0.02 ml) of the
Nd:YLF that was used previously. This system modifi- 20wt.% PAMAM GO and G1 in methanol onto a glass
cation has substantially improved the hour-to-hour sta- slide, and 1 h was allowed for methanol evaporation.
bility of the system. The output of the 1 kHz repetition For dendrimer deposition of the modified PAMAM
rate regenerative amplifiers provides 85 fs pulses at dendrimer, one drop (0.02ml) of 1.4wt.% acylated
800 nm (22 nm bandwidth) and 2 ps pulses at 800 nm PAMAM GO in methanol was deposited onto a glass
(17 cnm ! bandwidth). The fs broad bandwidth pulses slide, and 1h was allowed for methanol evapora-
are then used to generate broad bandwidth infraredtion. The surface coverage of the PAMAM GO, G1,
(~600 cnt ! bandwidth) light via an optical paramet- and acylated GO dendrimers were calculated to be
ric amplifier (Spectra-Physics OPA-800CF). The SFG 9 x 10 cm=2, 2 x 10t cm=2, and 2x 10%cm2,
experiment was performed in reflection geometry us- respectively. Clearly, multiple layers of dendrimer
ing the narrow bandwidth ps 800 nm beam and the were deposited on the glass surface.

broadband infrared beam. The two input beams, fs The bare gold surface film was purchased from
and ps, are overlapped at the sample surface spatiallyEdmund Scientific and cleaned with spectrophoto-
and temporally to produce a vibrationally-resonant metric grade methanol prior to PAMAM dendrimer
sum frequency generation spectrum. The infrared deposition. One drop (0.02ml) of the PAMAM GO
and 800 nm beams were incident on the sample atdendrimer 5wt.% in methanol solution was deposited
66° and 58 from the surface normal, respectively. on the gold surface and the methanol was allowed
The SFG photons were emitted at 59f8Bom the to evaporate. After 1h, the BBSFG spectrum was
surface normal and were detected using a 500 mm recorded. The multilayer surface coverage was esti-
monochromator-CCD system (Acton Research Spec- mated to be 2 10 cm2,

traPro SP-500; 1340400 pixel array, Roper Scientific

LN40OEB back-illuminated CCD) with a 1200g/mm  2.3. PAMAM acylation synthesis and NMR

grating blazed at 750 nm. The narrow bandwidth ps analysis

pulses limit the BBSFG spectral resolution. The po-

larization combination for the studies presented here The acylated PAMAM GO was synthesized by re-
were SSP (S: SFG, S: 800 nm, P: infrared). The input acting PAMAM GO with acetic anhydride using 4-di-
energies of the 800 nm and infrared beams were 50 methylaminopyridine (DMAP) as a hypernucleophi-
and 10uwJ, respectively. The nonresonant SFG spec- lic catalyst. The methanol was removed from the den-
trum of a GaAs crystal surface was obtained both drimer reagent by rotary evaporation. The resultant
with and without a polystyrene film covering the OPA pure dendrimer was then dried under high vacuum
output port. The resulting SFG spectra were used for in an acetone-reflux drying pistol overnight. Then,
normalization purposes and as a reference to calibratethe gel-like dendrimer was dissolved in dimethyl-

the peak positions of the BBSFG spectra. formamide (DMF). Excess (40 equivalents) poly(4-
vinylpyridine) powder and 1/20 of an equivalent of
2.2. Chemicals and materials DMAP were added into the dendrimer/DMF solution.

Forty equivalents of acetic anhydride (¥0excess)
Starburst PAMAM generations 0 and 1 dendrimers  were slowly added into the dendrimer/DMF solution
(20wt.% methanol solutions) were purchased from drop-wise, and the reaction was left stirring for 6 days.
Aldrich and used without further purification. Sodium The residual solids in the solution were removed by
dodecyl sulfate (purity> 99%) was purchased from vacuum filtration and then by centrifuge. The DMF
Fisher Scientific and used without further purification. was removed from the product solution by high vac-
Nanopure water of 18 k2 resistivity was used. uum evaporation under heat (30) into a Kugelrohr
Glass slides were purchased from Fisher Scientific bulb to isolate the crude product. The crude prod-
and were cleaned with an oxidizing agent in sulfuric uct was dissolved in a minimal amount of methanol,
acid, thoroughly rinsed with Nanopure water, and then and then the methanol solution was transferred into
dried in an oven (>70C) for several hours before toluene. The precipitated dendrimer product was
use in the SFG experiments. Dendrimer deposition vacuum-filtered from the toluene and dried in an oven.
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Fig. 1. (a) Schematic of PAMAM GO; (b) Acylated PAMAM GO; and (c) PAMAM G1.
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PAMAM dendrimers become structurally com-
plex with each additional generation, and therefore,
schematics of the PAMAM dendrimers used in this
study are shown ifrig. 1a—c Amine-terminated PA-
MAM GO and the synthetically modified PAMAM GO
are shown inFig. 1a and bAs illustrated inFig. 1b
the PAMAM GO was acylated, thereby adding a—
(CO)CHs as the terminating group of the dendritic
arms. InFig. 1g amine-terminated PAMAM GL1 is

123

causes only two structurally significant differences: 1)
the addition of a methyl functionality, giving rise to a
singlet near 2.0 ppm, and 2) carbon E changes from
a primary amine to an amide, causing the D and E
triplets to merge into a singlet near 3.3 ppm. It can be
shown that the protons on carbon atoms D and E have
become chemically equivalent by tracing the molecule
as far as four bonds from each proton; NMR deshield-
ing effects are generally only significant as far as two

shown schematically. Although we have also acylated bonds from a particular atom. The spectrum was un-
this molecule, studies presented here focus on the changed with respect to protons A—C.
acylated GO product and the nonmodified PAMAM Shown inFig. 2bis the'H NMR spectrum from the
GO and G1 dendrimers. PAMAM G1 dendrimer. Similar to the PAMAM GO
Before the vibrational spectroscopic studies were molecule, chemical equivalence can be observed in the
conducted, the purities of the purchased PAMAM G1 molecule amongst all atoms found equidistant from
reagents and of the acylated PAMAM were analyzed the center of the core. Counting from the center, PA-
using®H NMR. In order to assign the chemical shifts MAM G1 has nine chemically unique sets of protons,
observed from the AcCPAMAM NMR spectrum, and labeled A, B — Ep, and B — E; in Fig. 1c The sub-
because NMR was used to identify the AcCPAMAM script numbers 0 and 1 denote the generation to which
product, it was necessary to first examine the a carbon atom belongs; there is a noticeable structural
NMR spectra from the starting material PAMAM  similarity amongst carbon atoms labeled with the same
dendrimers, GO and G1. letter in each generation. All of these carbon atoms
In Fig. 1 a—¢ the letters adjacent to the chemi- are covalently bonded to two chemically equivalent
cal groups are shown for NMR referencing purposes, hydrogen atoms, with the exception of carbon atoms
since each group of hydrogen atoms can be differen- Dg and Dy, the amide carbonyls.
tiated according to their local chemical environment.  Due to the structural similarities between PAMAM
Shown inFig. 2ais the proton NMR spectrum from GO and G1, one can predict that ¢ NMR spectrum
PAMAM GO (refer to the schematic irig. 1g. The will be essentially the same as that of PAMAM GO,
two sets of protons centered at the ethylenediamine with one notable exception: Carbon atory, Bonded
core (carbon A) are only capable of coupling with to a primary amine in generation 0, is now bonded
each other; therefore, they are represented as a sinto a tertiary amine, while their counterparts atd&te
glet, rather than a triplet, observed at 2.54 ppm. The still a primary amine. In this respect, the carbog E
next two sets of protons, on carbons B and C, couple protons are more similar to the core protons, and the
with each other, and so they are each represented ass; protons are more similar to the E protons of gen-
triplets bearing coupling constants near 6.8 Hz. Match- eration 0. The carbon A protons are represented as
ing these peaks to empirical predictions indicated that a singlet inFig. 2b observed at 2.58 ppm, and they
the carbon B protons are centered at 2.77 ppm, while are superimposed by a triplet at 2.59 ppm, represent-
the carbon C protons are centered at 2.36 ppm. Car-ing the E protons coupling with . Carbon atoms,
bon atoms D and E are very similar to carbon atoms Bg_1, Cop_1, and y_1 are all represented as overlay-
B and C in that they are represented by triplets cen- ing triplets in the same relative positions as the cor-
tered at 3.25 and 2.72 ppm, respectively. In the inset responding chemical shifts in the spectrum of gener-
of Fig. 23 the'H NMR spectrum from the acylated ation 0. Although the triplets for each corresponding
PAMAM GO (AcPAMAM) dendrimer is shown. Ac-  set of methylene protons overlap, they are not indis-
PAMAM GO has seven chemically unique sets of pro- tinguishable. The generation 1 triplets are slightly off-
tons, labeled as A—F ifrig. 1h As similar as this set from generation 0 and are significantly larger due
molecule is to the nonacylated PAMAM GO, so are to having twice as many protons per molecule as the
the NMR spectra of ACPAMAM GO and PAMAM GO.  lower generation PAMAM GO. ThéH NMR spec-
The change between PAMAM GO and AcPAMAM GO tra shown inFig. 2a and bdemonstrate the purity
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Fig. 2. (a) Proton NMR of PAMAM GO. Inset: Ac-GO; (b) Proton NMR of PAMAM GL1. Letters correspond to the type of hydrogen and
are to be compared with the corresponding letter&ign 1a—c Numbers are integrated values.

of the PAMAM dendrimers used for the vibrational few published accounts of infrared vibrational spec-
studies. troscopy for PAMAM dendrimers in the literature that
provide substantial details on the spectral assignments
[16,17], and to our knowledge, there are no Raman
3. Results and discussion spectra published to date of PAMAM dendrimers
[16,34] For the Raman studies, the methanol solvent
Understanding the Raman spectra from the PA- was evaporated from the 20 wt.% dendrimer—methanol
MAM dendrimers in the CH stretching region is im-  solution to produce a pure dendrimer gel. The Raman
portant to the surface spectroscopy studies since SFGspectrum of PAMAM GO inFig. 3 shows the spec-
depends upon Raman transition moments in addition tral region from 2500 to 3200 cnt, which is in the
to infrared transition moments. There are relatively CH stretching region. Although Raman and infrared
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Fig. 3. Raman spectrum showing the CH stretching region of the amine-terminated PAMAM GO dendrimer. Inset: Raman spectrum from

800 to 3200 cm(excitation source: 785nm CW laser, 75 mW).

frequencies do not exactly correspond with one an-

are shown. Peak assignments for the spectral region

other, these frequencies are generally within a few below 2500 cm® are beyond the scope of this paper;
wavenumbers, and therefore, previously published however, as one might expect, the Raman spectra of
infrared frequencies were used as a reference for ourthe PAMAM GO and G1 are clearly similar and reflect

peak assignments. IRig. 3, the peaks observed at
2820 cnt! and at 2855 cm! are assigned to the GH
symmetric stretching (SS) modes with additional con-
tribution from CH, Fermi resonance (FR) modes on
the higher energy side of the GFSS peaks. The peak
observed at 2910 cnt is assigned to CHlasymmet-
ric stretching (AS) modes. According to previously
published infrared (FTIR) assignmenf&6], 2830
and 2907 cm! (additionally 2868 and 2943 cm)
are attributed to the CHSS and the CHAS modes,

intensity changes that are consistent with the struc-
tural differences between PAMAM GO and G1 den-
drimers. The amine/amide peaks, although observed
in IR spectra[16] at 3068 and 3272 cnt are not of
enough intensity to decipher in our Raman spectra in
Fig. 3, nor in the inset, due in part to lower detection
efficiencies in the near IR (>3000 cth frequencies
correspond to detection af > 1027 nm for 785 nm
excitation).

A fluorescence background is clearly observed in

respectively. Our assignments are consistent with the the spectral region below 2000 crhof PAMAM GO

previously published infrared frequencies, although
a thorough experimental and theoretical study would
greatly improve the understanding of the vibrational
character of the CH stretching region from PAMAM
dendrimers. It is not clear that all of the Gldymmet-
ric stretches and asymmetric stretches from PAMAM
GO and G1 would lie cleanly within each observed
band. Preliminary calculations of the vibrational fre-
guencies in our laboratory have indicated that this
may not be the case.

In the inset ofFig. 3, the Raman spectra of both
PAMAM GO and G1 in the region of 800-3200 crh

and G1 shown in the inset &ig. 3. The Raman spec-
tra were obtained using a 785 nm CW laser since prior
attempts using a 532 nm CW laser proved too difficult
to decipher due to the large fluorescence background.
The fluorescence is observed as a broad background
in the Raman spectra and is consistent withmar-

7* transition from the amido groups throughout the
PAMAM structure, which has been observed and dis-
cussed by Larson and Tuckgr2]. The fluorescence
observed from the AcPAMAM GO dendrimer when
using the 785 nm excitation laser light made the ac-
quisition of the AcCPAMAM GO Raman spectrum non-
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decipherable since the fluorescence background over-the ability to observe weak Raman intensities beyond
whelmed the scattering intensity from the vibrational 3000 cnT?.

modes, similar to the problem experienced when us-  Fig. 4a and Ishow the surface vibrational BBSFG
ing the 532 nm laser for the PAMAM GO and G1 den- spectra of PAMAM GO and G1 dendrimers obtained
drimers. In the Raman spectra shownFig. 3 and after deposition of the dendrimer on the glass slide.
in the inset ofFFig. 3, CCD detection efficiency limits =~ The methanol was allowed to evaporate off for 1 h, and
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Fig. 4. (a) BBSFG spectrum (SSP polarization) of PAMAM GO after deposition on a glass slide using a 5min acquisition time. Inset: 36 h
after deposition (5min acquisition time); (b) BBSFG spectrum (SSP polarization) of PAMAM G1 after deposition on a glass slide using

a 5min acquisition time. Inset: 36 h after deposition (5min acquisition time).
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then the spectra were obtained. The inseFigf. 4a which infers that there is a concerted orientation of
and bshow the BBSFG spectra from the same sam- the dendron arms of the dendrimer. Using the SSP
ples, GO and G1, respectively, obtained 36 h after the polarization combination, if the CHgroups are sit-
initial methanol evaporation. In the four spectra shown uated relatively normal to the surface plane, a large
in Fig. 4a and band their insets, two SF peaks are ob- symmetric stretch relative to the size of the asym-
served at 2802 and 2920 cth Based on the Raman  metric stretch would be observed. This is what we
assignments discussed above, the peak at2802ism  observe fronFig. 4a and bHowever, after 36 h, the
assigned to Ch+SS modes, and the peak at2920ém  AS has changed inferring a more ordered but less
is assigned to CHAS modes, although there may also upright configuration of the Cilgroups.
be an irresolvable contribution from the GiFR on We have further investigated the structural im-
the high-energy side of the 2802 cmband. plications of these measurements by comparing the
The ratio of the relative intensity of the GFAS spectrum inFig. 4awith a BBSFG spectrum taken of
peak (2920 cm?) versus the CHSS peak (2802 cm) a monolayer of sodium dodecyl sulfate (SDS) formed
and the sharpening of the GHAS peak in the in- from a 1 mM SDS solution. Shown iRig. 5 are the
sets ofFig. 4a and breveal that the Ch groups on spectra from the surface of the SDS solution and from
the dendron arms of the PAMAM GO and G1 den- the surface of the PAMAM GO dendrimer gel. Both
drimers have slightly changed in their relative surface spectra were recorded under exactly the same condi-
conformation over the 36 h period. The ratio of the tions using a 2 min acquisition time for both. SDS has
relative intensity of these two peaks (AS:SS) within been studied extensively using SEZ9,30]and it is
each spectrum has increased from 0.14 to 0.22 for therefore interesting to make comparisons with these
the PAMAM GO (Fig. 4aand inset) and from 0.08 to  spectra, since SDS is known to form well-ordered
0.17 for the PAMAM G1 Fig. 4band inset). A likely monolayers where the hydrocarbon chain protrudes
explanation is that the dendrimers had not reached out of the liquid with few CH gauche (skewed)
their stable conformation at the time that the initial defects. The CEHFR (at 2935cm?) is the domi-
spectra were recorded. After 36 h, the SFG spectra hant peak in the SDS BBSFG spectrum, thezcF$
reveal a larger and slightly narrower GIAS peak, is much smaller (2872cnt), and the CH-SS
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Fig. 5. BBSFG spectrum (SSP polarization) of a monolayer of sodium dodecyl sulfate (taken from a 1mM SDS aqueous solution) and a

BBSFG spectrum of PAMAM G1 gel using a 2min acquisition time.
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(2844 cnm1) is small relative to the other peaks (the tensity implies that there is a lack tins-methylene
CH2-AS is not observed in the SDS spectrum). The configurations and yet there is a net ordering of the
intensity of the CH-FR and SS dominate since the CHy groups taking place within the perpendicular
SSP polarization combination couples efficiently with plane at the surface of the dendrimer gel. This is also
the transition moments that are normal to the surface, confirmed by the fact that the GFAS from the PA-

in this case, the CEISS. Yet the CH-SS only hasa  MAM GO is relatively small and that the spectrum is
small contribution to the SFG intensity from the SDS dominated by the ChSS. Ordering refers to the net
since the SS of the methylene groups on the hydro- orientation of the CH groups relative to one another.
carbon chain are in the plane of the surface and local A purely trans-configuration would cancel the SFG
symmetry cancels their SFG intensities. Therefore, response. For example: If one gldf the PAMAM
because of local symmetry (the @Hlroups oppose  pointed out from the surface and another chemically
each other—dominantlyrans) and because of the equivalent CH of the PAMAM pointed toward the
lateral direction of the CHSS transition moment, bulk gel, we would expect cancellation of the SFG
the SFG response is minimal. The small peak that is response, somewhat similar to that observed for the
observed has been attributed to the small number of CH,-SS in the SDS SFG spectrum 6fg. 5. Any
CH> gauche defects in the SDS hydrocarbon chains gauche or skewed defects would give rise to a net
[29,35] In addition, there is an odd number of gH  SFG response from the GF8S modes. Upon exami-
groups (11 CH groups) on the SDS hydrocarbon nation of the PAMAM GO, G1, and AcPAMAM GO
chain, and therefore, even in the instance of a com- (Fig. 1a—¢, the methylenes occur in groups of two
pletely trans-hydrocarbon chain, one might expect throughout the dendrimer structures. This provides
to observe a CH contribution from the odd CH local inversion symmetry only if the two CHyroups
For the PAMAM GO spectrum shown for comparison are exactlyjtrans-relative to one another; however, we
with the SDS SFG spectrum iRig. 5 the CH-SS observe a significant SFG response. This suggests the
peak is substantially larger than that from SDS and is non4rans configurations of the adjacent Gigroups.
clearly broad. One can deduce that the peak broadnessAdditionally, since the CHSS is substantially larger

is due to the differing chemical environments within than the CH-AS, we also conclude that the orien-
the PAMAM GO dendrimer. The substantial peak in- tations of the CH groups are generally distributed
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Fig. 6. BBSFG spectrum (SSP) of Ac-GO after deposition on a glass slide using a 5min acquisition time.
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perpendicular to the surface plane. Additional polar- destructively with one another based on their relative
ization SFG studies are needed to infer the breadth phases, the peak position change is not necessarily sig-
of the distribution about the surface normal. These nificant. These results are preliminary, and fitting the
findings also suggest that the dendritic arms of the peaks with phase information will help to shed light
PAMAM GO and G1 extend out in a somewhat planar on the true peak positions. However, it is clear that the
arrangement, which is consistent with AH#9-24] CHs-FR is of significant relative intensity along with
and contact angle measuremej2$,26] the CH;-SS shoulder on the adjacent peak, and this
The SFG intensity shown ifrig. 4a and b and strongly suggests an ordering of the £éhd groups
the PAMAM spectrum inFig. 5is dominated by the  of the dendritic arms. For the Ac-GO, each dendrimer
SFG response from the air—dendrimer interface. The contributes 4 CH groups and 18 Chigroups. Since
reflected visible and infrared beams that interact to the SFG response arises from a convolution of surface
produce the SFG intensity can penetrate the dendrimernumber density and orientation, for similar transition
gel and, in addition to probing the air—-dendrimer in- moment strengths, we can infer that a strong SFG re-
terface, can also effectively probe the dendrimer—glass sponse of a low-density moiety suggests a net orienta-
interface. However, in the case of the PAMAM GO tion of this group (i.e. the Cglend groups) relative to
and G1, we estimate the thickness of the gel to en- the higher density moieties (the Glgroups). This is
compass multiple layers. SFG contribution from the not necessarily surprising, given the fact that thesCH
glass surface is not observed. end groups can easily rotate. However, it is not clear
The acylated PAMAM GO (Ac-GO0) at the surface of if the CHz groups are pointing toward the bulk or to-
a glass slide was also studied and the BBSFG spectrumward the air. In addition, the Ac-GO film on the glass
is shown inFig. 6. Two BBSFG peaks are observed, slide is significantly thinner than that used in the GO
2843 and 2930 crt, and are attributed to the GFES and G1 BBSFG studies, and it is not clear if the SFG
modes and CEtFR modes, respectively. The shoulder signal intensity is dominated by the air—dendrimer sur-
at 2872 cm! is attributed to the CESS. One of the face. Studies are planned to differentiate the dominant
major differences between the SFG spectra of GO and source of the SFG. This is also true for the PAMAM
Ac-G0 is that the CIHSS peak position has changed. GO dendrimer film on the gold surface. This BBSFG
Since SFG responses can interfere constructively or spectrum is shown ifig. 7. The peaks from the CH
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Fig. 7. BBSFG spectrum (SSP) of GO after deposition on a bare gold surface using a 2 min acquisition time.
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stretching modes are observed as dips in the spectruminstruments Inc. for the loan of the 785nm Raman

The peaks (dips) at 2802 and at 2943¢cnare as- probe and the 785 nm diode laser.

signed to the CHSS and the CHAS, respectively

and are consistent with the assignments from PAMAM

GO on the glass slideF{g. 3 as discussed above.

The PAMAM GO ChH peaks are inverted showing ) ] ] N

that there is a phase mismatch with the nonresonant [1] 3.M.J. Frechgt, D.A. Tomalla, Dendrimers and Other dendritic
polymers, Wiley, Chichester, New York, 2001.

SFG response from the gold and the resonant response ) p a. Tomalia, Sci. Am. 272 (1995) 62.
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