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ABSTRACT: We report the use of grazing-angle attenuated
total reflectance (GATR) IR and polarized UV—vis to determine
the molecular structure of porphyrin based molecular multilayer
films grown in a layer-by-layer (LbL) fashion using copper-
catalyzed azide—alkyne cycloaddition (CuAAC). The molecular
orientation and bonding motif present in multilayer films of this
type could impact their photophysical and electrochemical
properties as well as potential applications. Multilayer films of
M(II) §,10,15,20-tetra(4-ethynylphenyl)porphyrin (1 M = Zn,
2 M = Cu) and azido based linkers 3—5 were used to fabricate
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the films on ITO substrates. Electrochemically determined coverage of films containing 2 match the trends observed in the
absorbance. GATR-IR spectral analysis of the films indicate that CuAAC reactivity is leading to 1,4-triazole linked multilayers with
increasing porphyrin and linker IR characteristic peaks. Films grown using all azido-linkers (3—5) display an oscillating trend in azide
IR intensity suggesting that the surface bound azido group reacts with 1 and that further layering can occur through additional reaction
with linkers, regenerating the azide surface. Films containing linker $ in particular show an overall increase in azide content suggesting
that only two of the three available groups react during multilayer fabrication, causing an overall buildup of azide content in the film.
Films of 1 with linker 3 and S showed an average porphyrin plane angle of 46.4° with respect to the substrate as determined by GATR
FT-IR. Polarized UV—vis absorbance measurements correlate well with the growth angle calculated by IR. The orientation of the
porphyrin plane within the multilayer structures suggests that the CuAAC-LbL process results in a film with a trans bonding motif.
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B INTRODUCTION

Thin film materials fabricated in a layer-by-layer (LbL) fashion
boast several advantages over other deposition techniques in-
cluding ease of fabrication, rapid deposition, and multilayer films
that are ordered in at least one direction. LbL assembled films, by
design, often result in materials with ordering on the nano- to
micrometer scale and properties based on the component build-
ing blocks. Thin film materials with nanoscale molecular ordering
have implications in the areas of molecular electronics, photo-
voltaics, sensors, nonlinear optics, and more."* Molecular LbL
thin film fabrication (also known as molecular layer deposition,
MLD) is a bottom-up approach that allows for the creation of
materials with such nanoscale control. The process allows one to
tailor film properties with respect to electronic, photophysical,
and macroscopic properties, which could be useful towards the
various applications listed above. Several chemical coupling
reactions have been used to fabricate molecular-based multilayer
films including zirconium phosphate linkages,” > palladium-pyr-
idine coordination,® ' siloxane polymerization, "' ~'* as well as
other organic reactions.”'®"*' These types of reactions have
resulted in well-ordered films that can incorporate various mole-
cular building blocks. Molecular order within LbL films can result

v ACS Publications ©2011 american chemical Society

in films with interesting electrochemical and photophysical
properties.l’z’22

We have recently developed a method to fabricate molec-
ular multilayer thin films in a LbL fashion using copper(I)-
catalyzed azide—alkyne [3+2] cycloaddition (CuAAC) reac-
tions (commonly referred to as “click” chemistry) as both a
means to link the layers together and attach them to the substrate
surface.”>** “Click” chemistry or CuAAC, discovered by Sharpless™
and Meldal,*® has been popularized as a rapid, facile, and robust
cycloaddition reaction utilizing inexpensive Cu(I) catalyst. CuAAC
selectively generates a 1,4-triazole linkage between terminal
acetylenes and azides. This simple reaction is tolerant of a variety
of conditions and other functional groups, and has been used
extensivel;f as a surface modification technique on multiple
surfaces.””>* Although a few other groups have used this reaction
to fabricate triazole-linked polymer-based multilayers,>>~>* to the
best of our knowledge, we were the first to report the use of
CuAAC to build molecular multilayer films.>* Since then, others
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Figure 1. Outline of molecular LbL multilayer growth using CuAAC reactivity.

have used CuAAC for similar LbL generatlon of triazole-based
molecular wires on Au(111) electrodes.*

Our approach to using CuAAC for molecular LbL fabrication
is outlined in Figure 1. The methodology is similar to other LbL
schemes, utilizing two sequential self-limiting reactions that add a
monolayer of the primary molecular building block and a linker
group to the surface at each step. The CuAAC-based multilayer
fabrication process begins with the functionalization of an oxide
surface with an azido-terminated alkyl siloxane to form a self-
assembled monolayer (SAM). Next a multiethynyl molecule,
such as 1 or 2, is reacted with the azide-terminated SAM in the
presence of Cu(I) catalyst to generate a densely packed mono-
layer of 1,4-triazole linked porphyrins and a surface that is now
terminated with ethynyl moieties (step 1). Finally, the reaction of
a multiazide molecule, such as 3, 4, or § (herein referred to as
linkers), with the ethynyl functionalized surface completes a
molecular bilayer and regenerates a surface rich with azide groups
for continued multilayer growth (step 2). These two self-limiting
reactions are repeated sequentially to generate a multilayer film
quickly and easily. We are specifically interested in porphyrin
containing films due to their high molar absorpthltles and
tunable electrochemical and photophysical properties.* Por-
phyrin-based LbL films could be useful in application such as
molecular electronics,*** artificial photosynthesis,** semicon-
ductor sensitization,**™*” and sensors.*® Our work to better
understand the molecular orientation, bonding motif, electro-
chemical and photophysical properties of these films will aid in
tuning and optimizing film properties to the desired application.

Multilayer films fabricated by this method show linear and
reproducible growth trends in absorbance and thickness through
tens of layers and have the ability to incorporate various mole-
cular building blocks 1nclud1ng porphyrins, perylene diimides,
and several azido linkers.”>** Our initial results indicate that
there is a strong correlation between the film thickness and the
length of azido linker used. Films grown with 1 and 3 result in
thicker films compared to films grown with 1 and § (2.41 vs
1.87 nm/bilayer). We estimated a range of growth angles for
the films based on X-ray reflectivity and ellispometrically
derived thicknesses and intramolecular distances from DFT
calculated structures. These experiments could provide only a

range of molecular growth angles due to several possible binding
modes with the tetra-ethynyl functionalized porphyrin (1).
Additionally, little information was available regarding the yield
of azide to triazole conversion in the film. To predict various
structural, electrochemical, and photophysical properties of the
films, we require a better understanding of the primary binding
modes present in the films resulting from CuAAC based LbL
growth. Toward this end we employed grazing-angle attenuated
total reflectance (GATR) IR spectroscopy and polarized UV—vis
spectroscopy to determine the average growth angle of the
porphyrin building blocks in the multilayer structures. These
results coupled with previous estimates of the growth angle based
on optimized structures of the porphyrin-linker subunits provide
greater insight into the molecular structure within the multilayer
film. Additionally, we compare the electrochemical responses of
the films to both the UV—vis absorbance and GATR IR trends
observed during multilayer growth to gain insight into the
structure and density of molecular building blocks within the film.

B RESULTS AND DISCUSSION

Infrared Analysis. Polarized grazing-angle attenuated total
reflectance (GATR) FT-IR was employed at each step through-
out multilayer growth to confirm surface attachment of the
molecular components through CuAAC as outlined in Figure 1.
Figure 2 shows a selection of GATR IR spectra taken throughout
the fabrication of a multilayer thin film comprised of 1 and 3. An
intense azide stretch at 2100 cm ™' as well as the typical CH
stretches at 2934 cm™ and 2859 cm™ (not shown) are observed
for the base of the multilayer structure, an azide terminated C;
alkyl siloxane SAM anchored to an indium tin oxide (ITO)
surface (black line, Figure 2). Upon reaction of porphyrin 1 with
the azido-SAM, the intensity of the 2100 cm ™~ stretch decreases
drastically, consistent with the conversion to triazoles via a
CuAAC reaction with 1 (red line, Figure 1). It is difficult to
assign any of the peaks to the triazole C—H stretching mode due
to the convolution of aromatic C—H peaks from the porphyrin
and linkers centered around 1600 cm™.** Additionally, the
presence of intense bands at 797 and 998 cm ™', corresponding
to (-hydrogen out-of-plane deformation and the in-plane
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Figure 2. GATR FT-IR spectra resulting from different stages during multilayer growth of films containing 1 and 3 on ITO. Spectra are offset for clarity.

breathing mode of porphyrins respectively,*”> indicate that 1
has reacted with the azide-terminated SAM. Upon reaction of
multi-azide containing linker molecule, 3, the intensity of the
peak at 2100 cm™ increases suggesting that at least one of the
azides from the linker has reacted with the ethynyl groups of 1
leaving the others to continue multilayer growth in the next step.
Similar trends are also observed for multilayers fabricated using
porphyrin 2 and linkers 4 and 5. New peaks are observed upon
addition of the azide-containing linker including one at
1023 cm™ ' and a broad set of peaks around 1200 cm™ which
are most likely due to the sulfonate groups on 3.>" With the
exception of the azide stretch, the peaks resulting from the linker
and porphyrin increase systematically with the number of layers
added in the film implying that the concentration of molecular
units increases with the number of layers that are grown.

The intensity of the azide stretch at 2100 cm ' shows an
oscillating trend as a function of the particular step in the multi-
layer fabrication and the number of layers added to the film. The
oscillating pattern seen in Figure 3 is consistent with the multilayer
fabrication method outlined in Figure 1 and strongly depends on the
particular linker used in multilayer growth. The intensity of the
2100 cm ™" is large for the 11-azidoundecyltrimethoxysilane SAM
coated ITO electrode due to the high surface density of terminal
azides. Following the CuAAC reaction to form a monolayer of
porphyrin, the azide peak decreases drastically, but does not
disappear completely. This is due to the fact that the density of
azides present on the SAM functionalized surface is greater than the
number of porphyrin molecules that can pack on the surface (vide
infra). With the addition of a linker layer the azide stretch increases
again, but does not reach the level of the original SAM implying that
the density of the azides at the linker layer is less than what was
originally present for the SAM. The penetration depth of IR light in
the GATR technique is significantly greater (0.5—1 #m) than the
thickness of the films (2—25 nm), and thus the spectrum is taking
into account all of the azides present in the multilayer film.>* Thus,
the intensity of the 2100 cm ' peak includes unreacted azides
remaining from the SAM as well as the azides present from the
addition of the top-most linker layer.

Figure 3 shows the value of the integrated azide stretch at
2100 cm ™! versus the number of layers added for the three diffe-
rent linkers used in this study.>® The two bisazide linkers 3 and 4
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Figure 3. Azide content in films of 1 with linkers 3, 4, and $ as
determined by GATR IR. Whole number bilayers indicate the addition
of porphyrin 1, whereas the linker layers are represented as 1/2 layers.

(black circles and red triangles, respectively) show an oscillating
trend in azide integration that increases with addition of a linker
layer and decreases with the porphyrin layer but show a net slope
of nearly zero. Mesitylene linker § (green squares) has three
azide moieties and shows a similar oscillating pattern in the azide
integration, however, the overall slope of the plot is clearly
positive beyond the first layer. We attribute this to unreacted
azides left over from linker 3 building up over the course of
multilayer growth. Multilayers that incorporate 3 or 4 most likely
react both of the azide groups present in high yield — one with
the ethynyl layer below and one above, resulting in no net increase
of azide content in the film. Linker § has three azide units, thus
there is one remaining after the other two have reacted with
porphyrin layers below and above the layer of 5. The usability and
accessibility of the remaining azide is discussed later.

UV—Vis and Infrared Spectroscopic Trends. Figure 4 shows
arepresentative set of UV—vis spectra taken during the assembly
of a multilayer of 1 with linker 3. The absorbance of the Soret and
Q-bands increase with the numbers of porphyrin layers added to
the film. As discussed previously,” the Soret from 1 in a
multilayer environment is red shifted and broadened compared
to the solution spectra, indicating closely packed J-aggregated
porphyrins.>* It is interesting to note that the absorbance trends
observed for multilayers grown using 1 with linkers 3 or § show
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Figure 4. (A) Absorbance of a multilayer of 1 and 3 on ITO at 1, 2, 4, 8, and 10 bilayers. (B) Absorbance at Soret max (442 nm) for multilayers grown
with porphyrin 1 and linkers 3, 4, and S. Trend lines exclude the first data point (0 bilayers).

Table 1. Comparison of Linkers Used in This Study

azide IR trend absorbance growth
no. of after first layer at 442 nm after first layer
linker  azides (Figure 2) (mAU/bilayer)
stilbene 3 2 oscillating, overall flat 25
xylene 4 2 oscillating, overall flat 20
mesitylene S 3 oscillating, overall increasing 26

very similar increases in absorbance after the first layer (25 and 26
mAU/bilayer respectivly, mAU = milliabsorbance units) while
the film containing 1 and 4 grew at a lower rate (20mAU/ bilayer,
Figure 4). The relatively large increase in absorbance for the first
bilayer (>50 mAU) compared to the other layers is consistent
with changes in azide peak intensity observed by IR. A large
decrease in azide IR intensity corresponds to a large increase in
absorbance for the porphyrin monolayer (CuAAC reaction with
1 will result in loss of azide and generation of triazole linked
porphyrin). The smaller increases in absorbance for subsequent
multilayer steps (20 mAU/bilayer for films of 1 and 4, 25 mAU/
bilayer for films of 1 and 3, and 26 mAu/bilayer for films of 1 and
5) correlate to a smaller change in the oscillating azide IR peak
intensity (Figure 1). This is likely due to the high concentration
of azides present for the 11-azidoundecyltrimethoxysilane SAM
modified substrate, allowing for the formation of a relatively
dense porphyrin monolayer when 1 is reacted with the surface.
Upon reaction of the ethynyl-terminated surface with the linker
molecules, the azide content is not as high as the initial SAM-
modified surface. This lower azide density of the linker layers
result in subsequent porphyrin layers that are not as dense as the
first, and thus the lower rate of increase in absorbance. From the
addition of the second porphyrin layer on, the trend in absorbance
is clearly linear suggesting that the packing of the molecular layers
remains constant beyond the first monolayer of porphyrin.
Following is a detailed comparison of UV—vis and IR trends
for films grown with various linkers summarized in Table 1.

A comparison of the UV —vis absorbance to the azide IR trend
(Figure S) shows the correlation between absorbance and azide
content in the film. Upon reaction of 1 with the azide terminated
SAM, the absorbance at the Soret maximum increases (blue triangles,
0.5 bilayers) while the 2100 cm ™" peak for the asymmetric azide
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Figure 5. Comparison of the absorbance (blue triangles) and azide IR
integration (green circles) of a multilayer of 1 and 3 on ITO.

stretch decreases (green circles, 0.5 bilayers) as expected for
triazole formation via CuAAC. When linker 3 is reacted with the
ethynyl-terminated porphyrin layer, there is no increase in
absorbance, however, there is a significant jump in the
2100 cm ™' IR peak (1 bilayer). This increase in the 2100 cm ™'
IR peak is due to the azides from linker 3 that are now present at
the peripheral of the film. The peak at 2100 cm ™' does not return
to its original intensity because the density of azides present on
the SAM (layer 0) is much greater than the density of azides
present after reaction with linker 3. Addition of a second layer of
porphyrin results in an increase in absorbance and decrease in
azide content. The absorbance increase (much like the azide
trend) does not increase as much as it did during the initial
porphyrin reaction with the azido-SAM. This is again due to the
fact that there are not as many azides on the surface available for
reaction with the porphyrin which results in a smaller increase in
absorbance. Subsequent layers show a linear increase in absor-
bance upon addition of every porphyrin layer, and the azide
content in the film continues to show an oscillating trend.
Comparison of Linker 3 and 4. A comparison of multilayers
of 1 with either bisazide linkers 3 and 4 reveals an inherent
difference in their growth patterns. Multilayers grown with 4
results in films that have a lower growth rate than those assembled
with linker 3 (20 vs 25 mAU/bilayer). Multilayers grown using
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Figure 6. Cyclic voltammogram of a monolayer of porphyrin 2 on ITO
before (black, solid line) and after (red, dashed line) CuAAC reaction
with ethynylferrocene. CVs were taken at scan rate of 200 mV/s with
0.1 M TBAP in dichloromethane as the electrolyte.

stilbene linker 3 have a larger oscillating trend in the azide IR
stretch as well. This implies that the films have a higher porphyrin
density and the reaction yield at the linker layer is greater for 3
than for 4. Given the structure of 4 which contains methylene
units between the aromatic core and reactive azide groups, it is
possible that both azides of linker 4 can react with the lower
porphyrin layer (a capping event), leaving fewer azides available
for continuation of the multilayer. Linker 3 is a more rigid
structure with the reactive azide groups directly connected to the
phenyl rings (i.e., less rotational flexibility). This may limit linker 3
to react only one azide with the lower porphyrin layer, thus limiting
capping events and ensuring continued multilayer growth.

Comparison of Linker 3 and 5. Multilayers grown with
linkers 3 and $ display very similar increases in absorbance (25
and 26 mAU/bilayer respectively) suggesting that the films have
comparable porphyrin surface densities. Given the structural
differences between linkers 3 and §, it is safe to assume that the
porphyrin size is dictating the rate of film growth. The obvious
difference between the films grown with these two linkers is the
azide content of the film. Films containing linker 3 show an oscillating
trend in the azide content (as determined by IR) but the overall trend
remains flat. Conversely, films containing linker 5 show a steady
increase in the overall azide content as well as an oscillation in azide IR
intensity between the porphyrin and linker layers.

Comparison of Linker 4 and 5. Linkers 4 and S are the most
similar of the three linkers structurally, but they result in very
different films. The film grown using linker 4 results in a
multilayer with 80% of the porphyrin content (by absorbance)
of the film grown using linker $. The increase in porphyrin
content may be attributed to the extra azide that is present on
linker $ allowing for dendritic type growth as well as the presence
of one remaining azide if two happen to react with the lower
porphyrin layer (a “capping” event). It is clear from IR that the
third azide present is not always utilized as indicated by the
buildup of azide in the film containing linker 4. Films grown with
5 do not show a buildup of azide content which is expected for
any bisazide linker because both azides are utilized in the LbL
process. The difference in intramolecular distance between
azides is also slightly different for linkers 4 and § which could
contribute to the difference in growth trends. The para orienta-
tion of functional groups in 4 results in azides that are further apart
than those in a meta orientation of 5. This may result in a larger
portion of linker 4 participating in a capping events, leading to
lower growth rates. The high number of functional groups found
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Figure 7. (a) Coverage as determined by integration of the charge
passed in cyclic voltammograms of 1—S$ bilayers of porphyrin 2 with
linker § or 4 and ethynyl ferrocene. Trend lines exclude the first data
point for zero porphyrin layers. (b) Absorbance trends of the same
multilayers at the Soret maximum (426 nm).

in porphyrin 1 and linker § could allow multilayer growth to
overcome capping events through dendritic growth, which would
help maintain a high porphyrin packing density at each layer.
Electrochemical Determination of Porphyrin Coverage.
Electrochemical investigation of the multilayer films provides a
straightforward method to determine surface coverage of porphyrins
through integration of the charge passed for the two one-electron
oxidation waves in the cyclic voltammograms (CV) via eq 1.%°

Q
A ®
In eq 1, I is the surface coverage of the redox active groups per unit
area, Q is the integrated charge of Faradic response resulting from
porphyrin oxidation on the surface, n is the number of electrons
involved, F is Faraday’s constant, and A is the active area of the
electrode.> The area of the ITO electrode was scaled usin6g a factor
of 1.08 to account for the roughness of the ITO surface.’

Both Cu" and Zn" meso-tetraphenylporphyrins typically dis-
play two single electron oxidation waves at moderate potentials.>”
Representative CVs of multilayer films comprised of 2 with
linkers 4 and $ are shown in Figure 6 and Figure S1 in the Sup-
porting Information, respectively. (2 was selected over 1 for the
electrochemical analysis due to the slight anodic shift of the
oxidation potentials to allow for a clear potential window in which
to estimate ethynylferrocene incorporation into the films (vide
infra).) Figure 7a shows the calculated coverage as a function of
the number of bilayers for multilayers grown with 2 and linkers 4
and S. Similar to what was seen in absorbance trends for films
grown with porphyrin 1 (Figure 4), multilayer assembled with
linker 5 grows at a higher rate than those with linker 4 after the
initial increase for the first porphyrin layer. We also observe a
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greater increase in coverage for the first monolayer of porphyrin
deposited on the SAM than in subsequent bilayer reactions
(Figure 7a). This is similar to the trend observed in UV—vis
absorbance spectra (Figure 7b).

Monolayers of 1 attached to the 11-azidoundecylsiloxane
coated ITO electrode gave a surface coverage of 1.44 x 10"
molecules/cm?, which corresponds to a molecular footprint area
of 69 A”. This footprint is close to the estimated size of the
clicked porphyrin of 75 A* assuming a rectangular box encom-
passing the van der Waals distance at the extremes of the DFT
minimized molecular structure.** This footprint is similar to
other reports for densely packed monolayers of tetraphenylpor-
phyrins on a Si(100) surface having a molecular footprint of
75 A%'%® To estimate the number of azides available for reaction
at the 11-azidoundecylsiloxane coated ITO electrode surface, we
attached ethynyl ferrocene via CuAAC and achieved a coverage
of 1.68 x 10"* molecules/cm”. This resulted in a footprint area of
59.5 A% which is larger than expected for a dense packed
monolayer based on the size ferrocene (34 A?) > However, this
coverage is larger than the coverage attained with porphyrin 1 or
2. GATR IR analysis of the ethynylferrocene clicked surface
revealed that the IR peak at 2100 cm™ did not reduce to zero
suggesting that the ferrocene is not able to access all of the azides
despite its smaller size compared to porphyrins 1 and 2. This
indicates that under the CuAAC reaction conditions employed
herein, the ethynyl terminated molecules are not able to access all
of the azides on the surface, explaining the remaining azide
observed in the IR measurements (see Layer 1, Figures 3 and 5).
It is also possible that the CuAAC catalyst size, not just ethynyl-
containing molecule, is preventing access to all of the azides on
the surface. Proposed CuAAC mechanistic cycles suggest the
copper(I) catalyst forms a Cu-acetylide complex as a precursor to
the cycloaddition reaction.”>*® The bulky Cu(1) stabilizing ligand
(tris-(benzyltriazolylmethyl)amine, TBTA) used in our reaction
conditions could be imposing additional steric constraints, thus
restricting maximum surface coverage of both ethynylferrocene
and porphyrins,

Porphyrin Orientation. GATR IR spectroscopy can be used
to determine the average molecular orientation of the porphyrin
plane within the monolayers and multilayer thin films by
comparing the ratio of vibrational intensities for the in-plane
breathing mode of the porphyrin at 997 cm™' versus the
B-hydrogen out-of-plane deformation at 797 cm™'!®*#30¢!
These two orthogonal features allow us to calculate the average
molecular orientation of the porphyrin plane (6) by comparing
the intensity of these two IR peaks in the film environment to

that of an isotropic sample (KBr pellet) using eq 2'%*>%
Ibulk Iﬁ[m
2 997 1797
tan® 6 = Joulk Ifm (2)
797 1997

In eq 2, the orientation of porphyrin plane with respect to
substrate surface is 90 — 0 and I represents the relative intensities
of the 997 and 797 cm ™' peaks in the bulk and film environ-
ments. Figure 8 shows the difference between the transmission
IR spectrum of a sample of 1 in KBr along with a GATR FT-IR
spectrum of a multilayer of 1 and § on ITO. One noticeable
difference is the increase in the ratio between the 997 and
797 cm™ " peaks from the isotropic IR spectrum (Figure 8 solid
black line) to the surface IR spectrum (Figure 8 dashed red line).
This difference is due to the preferred orientation that the
porphyrin maintains in the film environment. Using eq 2, the

L] L] L] L)
———Multilayer 1 and § on ITO
1in KBr

Normalized IR Absorbance

1050 1000 950 900 850 800 750
Wavenumber (cm™)

Figure 8. Comparison of the IR spectrum of porphyrin 1 in KBr
(random orientation) and in multilayer film environment with § as the
linker.

calculated average angle of the porphyrin plane with respect to
the surface for 5, 10, and 15 bilayer films of 1 with either linker 3
or § is 44°. A monolayer of 1 on ITO results in a film with a
calculated porphyrin angle of 45° by GATR IR. While the angle
difference between the initial layer and subsequent bilayers is
small, and probably within the error in measurement technique,
the higher angle is consistent with previous UV—vis absorbance
and electrochemical observations that the initial monolayer has a
higher porphyrin coverage than the following bilayers. The
higher coverage for the monolayer would require a more vertical
orientation of the porphyrins within the film.

Polarized absorbance spectroscopy was used as a secondary
method to confirm the orientation of the porphyrins in the thin
film environment. Polarized UV—vis spectroscopy has been used
previously as a simple and effective way of determining the average
molecular orientation with respect to the surface of forghyrin and
phthalocyanine in different film environments.* " Samples
oriented 45° versus the incident light beam are subjected to
horizontally and vertically polarized light. Figure 9 shows sample
spectra of a multilayer of 1 and § on ITO with the polarization
angle varied from O (vertically polarized) to 90 (horizontally
polarized). It is obvious from the absorption spectra that the films
have some orientation dependence. The average molecular
orientation can be found using eq 3 where the dichroic ratio,
D(A), is equal to the ratio of the absorbance when the light is
horizontally polarized to the absorbance when the light is
vertically polarized (A;/A,).5* % The angle of the porphyrin
plane (and the electronic dipole moment vector for the Soret)
with respect to the substrate surface () can be calculated using
eq 3, and is found to be 47° for multilayers containing 1 and 3
(see Figure S2 in the Supporting Information for polarized
absorption spectra) and 45° for multilayers containing 1 and S.

A, 2sin® asin® y

D(4 =
2 A, 2 —sin? y

+ cos® a (3)

When the substrate is oriented normal to the incoming light,
there is no polarization dependence (D(1) = 1), which shows that
there is no orientation preference in the plane of the substrate
(random orientation around an axis normal to the surface). This is
expected to be the case because the solution deposition method
used in this study should not induce a preferred direction in the
plane of the substrate.

A range of 41—70° was estimated for the growth angle of the
porphyrin within the films in our previous work through compar-
ison of exgerimentally determined film thickness and molecular
modeling.”* The calculated range of 45—47° from polarized
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Figure 9. (a) Polarized absorbance spectra for the Soret band of the porphyrin in a film containing 15 bilayers of 1 and S on ITO. (b) Absorbance

dependence on polarization angle at 444 and 410 nm.

UV —vis spectra in this work match GATR FT-IR results and are
near the lower end of the estimates for the growth angle of our
previous estimate (growth angles are summarized in Table 2).%
Two bonding modes can be envisioned for tetra-ethynyl porphyr-
in 1 and 2 that would result in linear LbL growth (Figure 10): A
trans bonding mode where the ethynyl groups that are across the
porphyrin from one another are the only groups reacting, or a cis
bonding mode where two ethynyl groups that are adjacent to one
another are both reacting with the linker or SAM below, allowing
for two linkers to react with the remaining ethynyl groups of
porphyrin 1. The trans bonding mode will result in a longer dimer
length (a dimer is defined as one porphyrin-linker repeat unit)
which would give rise to a lower porphyrin plane angle with
respect to the surface. The cis bonding mode would result in a
shorter dimer length and a more vertical average porphyrin angle.
The similarity between the average porphyrin angles when either
3 or § is used suggests that the linkers may not dictate the angle at
which the porphyrin multilayers grow. Rather, the maximum
packing density of the porphyrin is most likely the dominating
factor in controlling the growth angle. Our findings herein suggest
that the films grown using porphyrin 1 with linker 3 or § contain
predominantly a trans bonding motif.

Studies of porphyrin monolayers attached to a Si(100) surface
through a tripodal allyl tether result in average porphyrin plane
orientations between 49 and 54° with respect to the surface as
determined by IR.*>' An average porphyrin angle of 55—60° has
been determined for multilayers of tetra-pyridyl porphyrins
constructed via Pd-pyridine coordination using polarized UV-
Vis spectroscopy.® The angles we have determined for mono
and multilayers of porphyrin 1 on ITO are lower than those
determined by others, however, our LbL scheme is quite different
than those used for other LbL processes. The CuAAC based LbL
assembly technique along with the templating effect of the azido-
SAM are likely contributors to the discrepancy between our
experimentally determined average porphyrin angles and those
determined by others with similar systems.

Fabrication of Multicomponent Films. The GATR IR
results obtained during the fabrication of multilayers grown
using linker S indicate that there is a significant amount of
unreacted azide remaining in the film (see Figure 3). To probe
the accessibility of the remaining azides in the film following the
addition of ethynylporphyrin layers, we exposed the films to a
solution of ethynylferrocene and Cu(I) catalyst in hopes of reacting
the redox probe with the remaining azide groups of S (see Figure S3
in the Supporting Information for schematic representation). When
used in conjunction with 1, the ethynylferrocene redox potential is
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Table 2. Calculated Values for Average Molecular Orienta-
tions of Porphyrin Plane with Respect to the Substrate Surface
in Samples Containing 15 Bilayers of porphyrin 1 with linker
3or$

average angle of 1 in average angle of 1 in

multilayer with linker 3 multilayer with linker §

method (deg) (deg)
GATR FT-IR 44 44
polarized UV—vis 47 EN
ref 24 (estimated range) 46.7—70.3 40.7—65.8

too close to the first oxidation of porphyrin 1, making quantifica-
tion of surface coverage by electrochemical methods somewhat
difficult. For this reason, we used 2 in order to separate the redox
potential of ferrocene and the porphyrin. The oxidation poten-
tials of Cu(II) meso-tetraphenylporphyrins are 230 mV more
positive than Zn(II) analogs which allows for greater separation
between the oxidation of ferrocene and 2.%” Figure 6 shows the
CVs resulting from a monolayer of 2 before and after reaction
with ethynylferrocene. Two one-electron oxidations are observed
for a monolayer of 2 corresponding to a coverage of 1.5 x 10**
molecules/cm?>. Following the additional CuAAC reaction of
ethynylferrocene with the remaining azides, a smaller peak at
04 V appears due to the ferrocene moiety corresponding to a
coverage of 1.38 X 10" molecules/cm” (8.4 mol % ferrocene vs. 2).
A plot of the ferrocene peak area versus scan rate results in a linear
correlation, confirming that it is a surface bound species (see
Figure S4 in the Supporting Information).>> GATR IR analysis of
the resulting film shows the stretch at 2100 cm ™ also decreases in
intensity demonstrating that the ethynylferrocene has accessed
some of the remaining azide from the underlying SAM (see
Figures SS and S6 in the Supporting Information). However, the
azide IR stretch does not disappear completely, which is expected
due to the size of the porphyrin and ferrocene molecules compared
to the spacing of the azides on the surface (see earlier discussion of
molecular footprint and azide spacing on the surface). Once a full
monolayer of porphyrin has reacted with the surface, ethynylferro-
cene can only access some of the remaining azide groups in the
underlying SAM, resulting in a small decrease in the azide IR stretch
at2100 cm ™. The size of ethynylferrocene as well as the size of the
Cu(I)TBTA catalyst may contribute to the inability to access all of
the remaining azides on the SAM.

The additional CuAAC layer reaction with ethynylferrocene
was continued throughout multilayer fabrication to evaluate
the accessibility of remaining azides from linker S. Following
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Figure 10. Depiction of trans and cis bonding modes in the multilayer films. With a known film thickness, a trans bonding mode will result in a lower
average angle of the porphyrin plane with respect to the surface. Cis bonding mode will result in a more vertical orientation.

each CuAAC reaction with 2 to form the ethynyl-terminated
porphyin layers, a second reaction was performed with ethynyl-
ferrocene and then finally the bilayer was completed with linker $
(see Figure S3 in the Supporting Information). GATR IR results
(see Figure S6 in the Supporting Information) confirmed that
some of the azides from the underlying linker layer reacted with
ethynylferrocene, but similar to what was observed above with
the initial SAM layer, the decrease in the 2100 cm ™' peak was
relatively small. This was consistent with electrochemical scans
for the multicomponent films. Integrated CVs revealed average
ferrocene incorporation of 8.45 x 10> molecules/cm?, roughly
61% of the amount added after the first monolayer and only 9%
of the amount of 2 added at each layer. This indicates that the
porphyrin molecules are tightly packed throughout the film and
do not allow significant penetration by ethynylferrocene and
catalyst to the underlying azides from the linker layer. Thus,
under the current conditions employed here, we were only able
to generate a multicomponent film in which the second compo-
nent, ethynylferrocene, was added at each layer in limited
amounts. An ethynyl functionalized molecule with a different
shape than ferrocene along with a smaller catalyst/ligand combi-
nation may improve the possibilities of generating multicompo-
nent architectures with similar concentrations.

Bl CONCLUSION

Multilayer films containing meso-tetraphenylporphyrins 1
and 2 with linkers 3, 4, and § have been fabricated on ITO using
CuAAC and analyzed using GATR FT-IR, UV—vis spectroscopy
and cyclic voltammetry. Infrared spectra of the multilayers suggest
that the molecular subunits are reacting with the surface via

CuAAC, forming 1,4-triazole linked layers. The decrease in the
intensity of the azide stretch in the IR spectrum after the addition
of ethynyl-porphyrin layers as well as subsequent increase after
the addition of the linker layer confirms that a CuAAC reaction is
taking place as expected. When the azide stretch is monitored
during multilayer growth, this oscillating trend is observed regard-
less of the linker used. However, only linker S, which contains
three azide groups, shows an overall increase in the amount of
azide present in the film throughout multilayer growth. This
suggests that two azides are reacting with the porphyrin layers
sandwiching linker 5 and the third azide remains unreacted. An
increase in intensity of IR features corresponding to porphyrin
and linker peaks is observed with increasing number of layers.
The average porphyrin tilt angle with respect to the surface can
be calculated based on two of the IR features: 997 cm ™" in-plane
porphyrin breathing mode and 797 cm™" out of plane S-H
deformation. Based on the comparison of the peak intensities in
the IR spectrum of an isotropic sample of 1 in KBr, the average
porphyrin orientation for films grown with 1 and 3 or 5 was
found to be 44° for both samples. Polarized UV —vis spectra are
in close agreement with this value (47 for multilayers made with
linker 3, 45° for multilayers made with §). Comparison of these
angles to the range of possible angles determined through
thickness and computational studies suggest that the porphyrins
are attaching via a trans bonding motif in the multilayer structures.
Results from GATR FT-IR indicated that there remained sig-
nificant amounts of unreacted azide in the film created with 1 and
S. Attempts to access the remaining azide in the film were
moderately successful. Films with porphyrin 2 and 5 were grown
to investigate the incorporation of ethynylferrocene in the films
with remaining azide. Cyclic voltammograms indicate that there
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is some incorporation of ethynyl ferrocene in the multilayer;
however, the doping concentration was low. Future work will
investigate the usefulness of smaller catalyst-ligand combinations
in order to access the unreacted azide components in the film.
We have furthered the understanding of the molecular orienta-
tion and structure of porphyrin containing LbL molecular multi-
layer films grown using CuAAC. Work is underway to examine the
usefulness of these films in photoelectrochemical applications, and
a good understanding of their structure will assist in interpreting
future results and tailoring these films to specific applications.

B EXPERIMENTAL SECTION

Materials. Solvents, ACS reagent grade or better, were purchased
from Sigma Aldrich or Fisher Scientific and used as received. Toluene
was purged with nitrogen and dried over 4 A molecular sieves before use.
Dichloromethane for electrochemistry was dried and purified by recir-
culating the nitrogen purged solvent through a solid-state column
purification system (Vacuum Atmospheres Company, Hawthorne,
CA) prior to use. Sodium ascorbate (Aldrich) and 4,4'-diazido-2,2'-
stilbenedisulfonic acid disodium salt tetrahydrate (3) (Fluka) were used
as received. Tetrabutylammonium hexafluorophosphate (TBAP, Acros)
was recrystallized twice from hot ethanol before use in electrochemical
experiments. 11—Azidoundecyltrimethoxysilane,67 Zn(II) 5,10,15,-
20-tetra(4-ethynylphenyl)porphyrin (1) was available from previous
studies®*** and was synthesized according to literature methods.®®
Tris-(benzyltriazolylmethyl))amine (TBTA),” 1,3,5-tris(azidomethyl)-
benzene (5),” and 1,4 bix(azidomethyl)benzene (4)”" were synthesized
according to literature methods. ITO-coated glass slides were purchased
from Delta Technologies (polished float glass, ITO coated one surface,
R =4-8 Q).

Cu(II) $,10,15,20-tetra(4-ethynylphenyl)porphyrin (2) was synthe-
sized similar to 1 except copper(II) acetate was added to a methanol/
chloroform solution of the free base porphyrin for 30 minutes to give Cu(II)
5,10,15,20-tetra(4-trimethylsilylethynylphenyl) porphyrin  (calculated ~for
Ces4HgoN,4CuSiy: 1059.3186; found: MALDI 1059.4, ESI-HR 1059.3193).
Subsequent deprotection using 18-crown-6 in a solution of chloroform/
methanol/tetrahydrofuran for 2 h yielded Cu(II) S,10,15,20-tetra(4-ethy-
nylphenyl)porphyrin (2). Caled for CoH,sN,Cu, 771.160S; found, ESI-HR
771.1607. UV—vis (toluene): 421, 542 nm.

Azido-SAM Formation on ITO. Prior to use, ITO-coated glass
slides were sonicated in a dilute aqueous solution of Alconox for 5—10
min, washed with water, acetone, dichloromethane, methanol, and lastly
water, then placed in concentrated sulfuric acid for at least 30 min to
generate a high concentration of surface hydroxides. The slides were
then rinsed with copious amounts of DI water, dried under a stream of
nitrogen, and placed in a Schlenk flask at a pressure of 0.1 mtorr to
remove residual water. Slides were submerged in a solution of approxi-
mately 1 mM 11-azidoundecyltrimethoxysilane in anhydrous toluene.
The reaction vessel was then heated at 60—70 °C overnight. After cooling
to room temperature slides were removed and sonicated in toluene for §
min, after which they were washed with acetone, dichloromethane,
methanol, and water, and then dried in a stream of nitrogen. Slides were
then placed in a vacuum oven at 75 °C for 3 h.

Multilayer Fabrication. Ethynyl-Porphyrin Layers. A solution of
DMSO, containing <2% water, consisting of 1.3 mM 1, 0.325 mM
CuS04, 0.358 mM TBTA, and 0.48 mM sodium ascorbate was placed in
contact with the SAM functionalized ITO side of a microscope slide.
After 6 min, the slide was washed with acetone, dichloromethane,
ethanol, and water. Azidolinker layer: A DMSO solution, containing
<8% water, was used as described above consisting of 2.2 mM of the
selected azide functionalized linker molecule (3, 4, or §), 4.4 mM CuSO,,
4.8 mM TBTA, and 8.9 mM sodium ascorbate. Sodium ascorbate stock
solutions were replaced at regular intervals in order to guarantee activity.

For CuTPE porph 2, the reaction solution was made using tetrahydro-
furan and dimethylsulfoxide as the solvent in order to improve solubility.
No effort was made to remove copper from the film, although it is known
that the films contain excess copper from the CuAAC catalyst.**”>

Infrared Spectroscopy. A Bio-Rad (Varian) Excalibur infrared
spectrometer was used with a liquid nitrogen cooled MCT detector and
VariGATR attenuated total reflectance accessory (Harrick Scientific)
equipped with a single reflection hemispherical Ge crystal. Light was
polarized with a Wire Grid Polarizer (Harrick Scientific). Thin film
samples on ITO were pressed against the crystal surface using a high
torque slip-clutch pressure applicator to ensure consistent pressure over
all samples. The GATR accessory was purged with dried nitrogen during
acquisition in order to maintain a constant atmosphere. The incident
light was held at an angle of 60 degrees versus normal with the light
polarized perpendicular to the surface. Samples were acquired with
Varian Resolutions Pro software at a resolution of 4 cm ™" with 256 scans
and ratioed to a freshly cleaned ITO slide that had been cleaned in a
UVO cleaner (Bioforce ProCleaner plus) for at least S min. Resulting
absorbance spectra were baseline corrected using multiple points void
of major IR transitions. The baseline corrected spectra was used to
determine the azide content in the films by integrating the azide stretching
peak at 2100 cm ™. In order to determine the ratio between peaks at 997
and 797 cm™ ", deconvoluted spectra were used to isolate the peaks of
interest.”>”* Quantification of these peaks by peak height or peak area
resulted in similar calculated average molecular orientations. The isotropic
IR spectrum of 1 was obtained by creating a homogeneous sample of 1 by
grinding in KBr and pressing into a pellet with the same acquisition para-
meters described above.

Electronic Absorption Spectroscopy. UV—visible electronic
absorption spectra were taken on a Perkin-Elmer Lamda 950 spectrometer
with slides held normal to the incoming light beam in air. A background
spectrum of the SAM functionalized slide was subtracted from each
spectrum. Polarized absorbance spectra were taken with the slide positioned
at a 45° angle with respect to the incident light beam, and a background
spectrum was subtracted for each angle at which a sample spectrum was
taken. The incident light was polarized with a Glan-Taylor prism.

Electrochemistry. Electrochemical measurements were per-
formed using a CH Instruments 440A potentiostat in a three electrode
configuration. The working area of the ITO functionalized electrode was
defined by the cylindrically bored area of a Teflon cone pressed on the
sample surface and filled with electrolyte.”* Multilayer thin film electro-
chemical experiments examining porphyrin oxidations were performed
in dry DCM with 0.1 M TBAP as the electrolyte with a Ag/Ag" pseudo-
reference electrode and a platinum wire counter electrode. Electroche-
mical measurements examining ferrocene concentration within the
multilayers films were examined using 0.1 M perchloric acid as the
electrolyte, a Ag/AgCl(satd. NaCl) reference electrode and a platinum
wire counter electrode.

Il ASSOCIATED CONTENT
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