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Abstract

X-ray Photoelectron Spectroscopy (XPS) was used to characterize the nitrogen species in
perfluorophenylazide (PFPA) self-assembled monolayers. PFPA chemistry is a novel
immobilization method for tailoring the surface properties of materials. It is a simple route for the
efficient immobilization of graphene, proteins, carbohydrates and synthetic polymers onto a
variety of surfaces. Upon light irradiation, the azido group in PFPA is converted to a highly
reactive singlet nitrene species that readily undergoes CH insertion and C=C addition reactions.
Here, the challenge of characterizing the PFPA modified surfaces was addressed by detailed XPS
experimental analyses. The three nitrogen peaks detected in the XPS N1s spectra were assigned to
amine/amide (400.5 eV) and azide (402.1 and 405.6 eV) species. The observed 2:1 ratio of the
areas from the 402.1 eV to 405.6 eV peaks suggests the assignment of the peak at 402.1 eV to the
two outer nitrogen atoms in the azido group and assignment of the peak at 405.6 eV to the central
nitrogen atom in the azido group. The azide decomposition as the function of x-ray exposure was
also determined. Finally, XPS analyses were conducted on patterned graphene to investigate the
covalent bond formation between the PFPA and graphene. This study provides strong evidence for
the formation of covalent bonds during the PFPA photocoupling process.
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Introduction

The surface structure and composition of materials determine their properties and
performance, therefore, tailoring the surface properties of a material through surface
modification is an important method to control the function of materials.1~8 Self-assembled
monolayers (SAMSs) have become an excellent technique for the modification and
functionalization of a variety of surfaces.®*%-11 Azide-terminated SAMs provide an
excellent route for thin films fabrication and allow tailoring surface properties through
covalent immobilization.®~1 The most common uses of azides are the click chemistry12-20
and photochemistry?1:22, Recently, perfluorophenyl azides (PFPAs) have been developed to
introduce functional groups onto solid surfaces.23-2% Upon light or thermal activation, the
azido group in the PFPA structure is converted to a highly reactive nitrene species that
readily inserts into CH and NH bonds or undergoes cycloaddition reaction with C=C
bonds.23:26:27 This bimolecular reaction, which is much less efficient in alkyl azides or
phenyl azides,28-31 makes PFPAs highly efficient in surface functionalization. The
functionalization process is simple and reproducible, and has been proven to be efficient for
the immobilization of graphene, proteins and other small biomolecules, carbohydrates and
synthetic polymers onto surfaces.23:32-38 Moreover, the surface density of immobilized
molecules can be controlled through the PFPA concentration.33:3% The PFPA chemistry has
been used to globally modify surfaces or to modify discrete areas by arraying techniques
such as photomasking or printing devices.40

In this work, X-ray Photoelectron Spectroscopy (XPS) was used to study in detail the
nitrogen species present in PFPA-functionalized surfaces (PFPA-silane SAMs on silicon
wafers as well as PFPA-thiol SAMs on gold slides). XPS is a surface analysis technique that
is a highly sensitive tool for determining the surface chemical properties such as quantitative
surface elemental compositions (compositional scans), chemical environment of different
elements (high resolution scans) and lateral distribution of elements on the surface
(imaging).#1 XPS has been used to study the azide and the chemical environment around the
nitrogen atoms in particular.15-17:42-44 |n this paper, we conducted comprehensive studies
of the PFPA-functionalized surface including a series of reference studies to achieve an in-
depth understanding of XPS characteristics of the PFPA surfaces. Our XPS study of the
nitrogen peak provides a detailed and accurate peak assignment of its different chemical
states. The PFPA-surface was subsequently used to covalently immaobilize graphene by
photolithography. XPS provided evidence of the covalent bond formation between PFPA
and graphene. Furthermore, XPS imaging was used to characterize the elemental lateral
distribution on the surface and to verify the graphene patterns on the surface.

Materials and Methods

Materials

Zinc powder was purchased from Sigma-Aldrich. Toluene, chloroform, dichloromethane, o-
dichlorobenzene (DCB) and ethanol were purchased from Fisher. Silicon wafers having an
oxide layer thickness of ~275 nm were purchased from Silicon Valley Microelectronics, Inc.
(Santa Clara, CA). N-(3-Trimethoxysilylpropyl)-4-azido-2,3,5,6-tetrafluorobenzamide
(PFPA-silane),*> N-(3-trimethoxysilylpropyl)-2,3,4,5,6-pentafluorobenzamide (PFB-
silane),3 and 11,11’-disulfanediylbis(undecane-11,1-diyl)bis(4-azido-2,3,5,6-
tetrafluorobenzoate) (PFPA-disulfide)*? (Figure 1) were synthesized following previously
reported procedures.

1H and 13C NMR data were recorded on a Bruker AMX-400 MHz spectrometer. Chemical
shifts are reported as & values (ppm) with CDCl3 (*H = 7.26, 13C = 77.16) as the internal
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standard. FTIR analysis was performed on a Nicolet iS10 spectrophotometer using a
diamond attenuated total reflectance (ATR) attachment.

Synthesis of 11-mercaptoundecyl 4-amino-2,3,5,6-tetrafluorobenzoate (ATFP-thiol)

PFPA-disulfide (20 mg) was dissolved in ethanol (20 mL), and concentrated HCI (37%, 1.0
mL) and zinc dust (1.0 g) were added into the solution. The reaction mixture was stirred
vigorously overnight at room temperature, filtered, and the solvent was removed from the
filtrate by rotary evaporation. The residue was re-dissolved in chloroform, washed first with
dilute Na,COg3 solution and then with water, and finally dried over anhydrous Na,SOg4. The
crude product was purified by silica gel column chromatography to give ATFP-thiol (Figure
1) as a colorless oil (12.0 mg, 64%). 1H NMR (CDCl3): § (ppm) 4.31 (t and br, 4H), 2.52 (q,
J=7.6 Hz, 2H), 1.73 (m, 2H), 1.61 (m, 2H), 1.43-1.35 (m, 15H). 13C NMR (CDClz): §
(ppm) 160.8, 142 (d, Jc.F = 254 Hz), 140 (d, Jc.g = 248 Hz), 129.6, 99.6, 65.9, 34.1,
29.4-25.8, 24.6. FTIR (ATR): 3505, 3369, 2921, 2851, 1707, 1647, 1593, 1532, 1505, 1409,
1309, 1251 cm™.

Preparation of PFPA-functionalized substrates

Silicon wafers were cleaned with piranha solution (7:3 v/v conc. HpSO4/35 wt% H,05)
(Caution: the piranha solution reacts vigorously with organic materials and solvents.),
followed by thorough washing with boiling water and dried under flowing nitrogen. The
wafer was then incubated in a solution of PFPA-silane, PFB-silane (Figure 1) or a mixture
of the two silanes in toluene for 4 h at room temperature in a sealed vial. The concentration
of the silane or the mixed silanes was kept at 12.6 mM. This process was carried out in
sealed vials to minimize contact with moisture in the air. The treated wafers were rinsed
with toluene, dried under flowing nitrogen, and cured at room temperature for 24 h.

Gold slides were prepared by coating piranha-cleaned glass slides with a 2 nm thick titanium
film followed by a 200 nm thick gold film in an electron beam evaporator (CrC-100
Sputtering System, Plasma Sciences Inc., Lorton, VA). Before each experiment, the gold
slides were cleaned with the piranha solution for 1 min, washed thoroughly 3 times with
boiling water for 30 min each, and dried under a stream of nitrogen. Cleaned slides were
then soaked in a solution of PFPA-disulfide or ATFP-thiol (Figure 1) in chloroform (10
mM) for 24 h. The slides were rinsed gently with chloroform and dried under nitrogen.

Fabrication of graphene patterns

The patterns were fabricated as previously reported.*? Briefly, graphite flakes (50 mg,
Sigma) were added to DCB (20 mL) and the mixture was sonicated using a sonication probe
(SONICS, VCX130) for 1 h and settled for 1 week. The supernatant of the mixture was then
centrifuged at 4500 rpm for 30 min. The upper solution was collected and was deposited
onto PFPA-functionalized wafer by spin-coating at 1000 rpm for 2 min or by drop-coating
followed by drying under vacuum. A photomask was placed on top of the graphene-coated
wafer, and irradiated under ambient conditions with a 450-W medium pressure Hg lamp
(Hanovia) for 10 min in the presence of a 280-nm optical filter. The lamp reached its full
power of 5.0 mW/cm? after a 2 min warm-up, as measured by a model UVX radiometer and
UV X-36 sensor (Upland, CA). The power after the light had passed through the filter was
measured at 2.4 mW/cm?2. Samples were then sonicated in DCB followed by washing with
DCB and ethanol, and dried.

X-ray Photoelectron Spectroscopy

XPS measurements were performed on a Kratos Axis Ultra DLD instrument (Kratos,
Manchester, England) employing a hemispherical analyzer for spectroscopy and a spherical

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2015 January 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zorn et al.

Page 4

mirror analyzer for imaging. Spectra and images were acquired with a monochromated Al
Ka X-ray source and a 0° takeoff angle (TOA). The TOA is defined as the angle between
the sample surface normal and the axis of the XPS analyzer lens. Pressure in the analytical
chamber during spectral acquisition was less than 5x10~2 Torr. High-resolution spectra were
acquired at 700 pm x 300 um field of view with an analyzer pass energy of 20 eV and
composition spectra were acquired with an analyzer pass energy of 80 eV. Binding energies
(BEs) were referenced to the hydrocarbon C1s peak at 285 eV. Three spots on two or more
replicates of each sample type were analyzed. The compositional data are an average of the
values determined at each spot. Parallel images were acquired at 400 pm x 400 pm field of
views with an analyzer pass energy of 160 eV. Background region images were taken at a
binding energy that was 15 eV below each relevant peak and corrected images were
obtained by subtraction of the background region image from the image at the peak of
interest. Compositional analyses of the images (small spot analyses) were performed by
collecting small area region of interest (ROI) scans (27 pm diameter spot). These small spot
compositional survey scans were acquired using an anayzer pass energy of 160 eV. Data
analyses were performed with CasaXPS.

Results and discussion

Various SAMs were prepared by treating silicon wafers or gold slides with a solution of
PFPA-silane or PFB-silane in toluene, or PFPA-disulfide or ATFP-thiol in chloroform
(Figure 1). The XPS-determined elemental compositions for the different SAMs are shown
in Table 1. As expected, all samples contain nitrogen, fluorine, carbon and oxygen. XPS also
detected silicon from the silane-functionalized wafer, and gold and sulfur from the disulfide-
and thiol-functionalized gold. All SAMs have an aliphatic chain and a perfluorophenyl head
group, and therefore, the fluorine-to-carbon ratios are a good indication to the SAMs quality.
For the PFPA-silane SAM, the XPS determined fluorine-to-carbon atomic ratio is 0.4 (Table
1), which is in agreement with the stoichiometric value of 0.4 expected for the PFPA-silane
molecule after the loss of all three methoxy groups from the silanization process. For the
PFB-silane SAM, the fluorine-to-carbon atomic ratio in Table 1 is 0.62 versus the
stoichiometric value of 0.5, the higher experimental value suggests that the PFB-silane SAM
is denser and as a result the carbon signal is attenuated by the fluorine atoms. For the PFPA-
silane:PFB-silane mixed SAM, the fluorine-to-carbon atomic ratio in Table 1 is 0.53, and as
expected, this value is between the experimental values of the two pure SAMs. The XPS
determined fluorine-to-carbon atomic ratio of the SAM from PFPA-disulfide is 0.2 (versus
the stoichiometric value of 0.22). The XPS determined and stoichiometric values of the
fluorine-to-carbon ratio for the SAM from ATFP-thiol are both 0.22.

The fluorine-to-nitrogen atomic ratios also vary significantly among the four different
SAMs. Based on the molecular stoichiometry, the values are expected to increase in the
following order: PFPA-silane (1) < PFPA-disulfide (1.3) < ATFP-thiol (4) < PFB-silane (5).
The same rank order was observed in the experimentally determined fluorine-to-nitrogen
atomic ratios. The XPS determined fluorine-to-nitrogen atomic ratio for the mixed SAM of
PFPA-silane:PFB-silane was between the values for the two pure SAMs, as expected.

The C1s high-resolution XPS peaks from the SAMs on silicon wafer (Figure 2, a and b)
were fit into three components at 285.0 (C=C-C and C-H), 286.6 (C=C-N and C-N) and
288.2 eV (C=C-F and O=C-N). The C1s high-resolution XPS peaks from the SAMs on gold
(Figure 2, c and d) were fit into four components at 285.0 (C=C-C and C-H), 286.6 (C=C-N
and C-0), 287.8-288.2 eV (C=C-F) and an additional peak at 289.5 eV (O=C-0O). These
species are all expected from the molecular structures of the studied SAMs.
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The PFPA chemistry is primarily that of the azido (-N3) group, and studying the nature of
the nitrogen species is therefore essential in understanding the PFPA characteristics. Figure
3a shows the high-resolution XPS N1s spectrum of the PFPA-silane-functionalized wafer.
This spectrum exhibited three peaks at 400.5, 402.1, and 405.6 eV (Table 3). An accurate
peak assignment was the first goal of this study and was achieved by examining three
reference samples: a silicon wafer functionalized with PFB-silane (Figure 3b), gold surfaces
functionalized with PFPA-disulfide (Figure 4a) and ATFP-thiol (Figure 4b).

The PFB-silane SAM (Figure 3b) and ATFP-thiol SAM (Figure 4b) have only one N species
in their structures, an amide in PFB-silane and an amine in ATFP-thiol. The XPS N1s core
level spectra from these two SAMs contain only a single nitrogen peak, both located at
400.5 eV. The PFPA-disulfide SAM (Figure 4a) has the azide structure but no amide N
atom, and shows only the two higher BE peaks (402.1 and 405.6 eV). Thus, the two higher
BE peaks in the PFPA-silane SAM (Figure 3a) can be assigned to the N atoms in the azide
structure and the lowest BE (400.5 eV) of the three N peaks in PFPA can be attributed to the
amide N. Further evidence for these peak assignments was obtained by examining mixtures
that contained different ratios of PFPA and PFB. For example, the functionalized wafer with
a 1:10 mixture of PFPA-silane and PFB-silane has two nitrogen peaks, Figure S1
(Supporting Information): the amide peak at 400.5 eV and another small peak at 402.1 eV.
The peak at 405.6 eV is below the limit of detection for PFPA-silane:PFB-silane mixed
SAM due to the low surface density of PFPA-silane and therefore is not observed in the N1s
spectra collected from this surface. This observation is consistent with highest BE peaks
being attributed to the N atoms in the azide structure.

The observed ratio of the two nitrogen peaks for the three N atoms of the azido group in the
PFPA-disulfide SAM is 2:1, which can be explained by the resonance structures shown in
Figure 5. The N atoms marked a and c in Figure 5, N2 and NC, have equal chance to bear a
negative charge and each can be assigned a formal charge of —0.5. Although NC€ is directly
attached to a fluorinated phenyl group, the BE shift induced by the fluorinated phenyl group
is too small to differentiate, and therefore the peak at 402.1 eV was assigned to both N& and
NC. The middle N atom, NP in Figure 5, has a formal charge of +1 and contributes to the
highest BE peak at 405.6 eV.

The azido group on the PFPA-silane SAM also has the two higher BE nitrogen peaks with a
2:1 ratio, but the lower BE peak at 400.5 eV is twice the area expected from the
stoichiometric composition of the PFPA-silane molecule. Since the azido group is labile
when exposed to irradiation or heat, possibility exists that partial decomposition occurs due
to exposure of this reactive group to X-rays during the XPS analysis.#’ To test this
hypothesis, PFPA samples were subjected to X-ray irradiation and the N1s spectra were
collected at varying exposure times. Figure 6 presents the ratio for each of the three N1s
components to the total nitrogen peak area for the PFPA-silane SAM as a function of X-ray
exposure time. The peak ratios for all three nitrogen species change significantly with X-ray
exposure time. For example, after a 30 min exposure, the peak at 405.6 eV decreased to 25%
of its initial value. The peak at 402.1 eV also decreased at the same rate as the peak at 405.6
eV. On the contrary, the fraction of the C-N component at 400.5 eV increases at twice the
rate upon exposure to X-ray irradiation. This suggests that the N°~NP bond of the azido
group is unstable under the XPS mesurement environment. The higher percentage of
nitrogen species at 400.5 eV could be attributed to the azide decomposition products
including derivatives of azirine or azacycloheptatetraene.33

Azide chemistry in general and PFPA chemistry in particular is convenient for modifying
surfaces through immobilization of graphene, polymers and carbohydrates.39:48:49 |n this
work, patterned graphene was used as an example as it has an ongoing interest in the area of
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fabricating graphene-based nanomaterials, devices, and sensors.#0-°0-52 For C1s, after the
graphene immobilization, the peak intensity at 285.0 eV (C-C/C-H) increased drastically
whereas the other two carbon peaks decreased, Figure S2 (Supporting Information). Figure 7
shows the high-resolution XPS N1s spectra of immobilized graphene on the PFPA-
functionalized silicon wafer and PFPA-functionalized gold. These spectra were acquired
after the same UV exposures and they exhibited only two components, which were fit to two
peaks at 400.5 eV and 402.1 eV, respectively. The ratios between the peaks at 400.5 eV and
402.1 eV are 1.9 for the immobilized graphene on the PFPA-functionalized silicon and 1.5
for the immobilized graphene on the PFPA-functionalized gold. The higher ratio for the
immobilized graphene on the PFPA-functionalized silicon is expected considering the amide
N present in the PFPA-silane molecule which also has peak at 400.5 eV. The small bump at
around 406 eV in Figure 7a is due to traces of unreacted azides. Figure S3 (Supporting
Information) shows the high-resolution XPS N1s core level spectrum of PFPA-
functionalized gold surface that was exposed to UV irradiation in the absence of graphene,
which was also fit to two peaks at 400.5 eV and 402.1 eV. On this spectrum the ratio
between the peaks at 400.5 eV and 402.1 eV is 2.8. The fact that the peak at 402.1 eV is
smaller in case of UV irradiation in the absence of graphene suggest that this peak should
result from the N in the covalent adducts that form after the nitrene reacted with the
graphene overlayer. In a recent work where PFPA-functionalized gold surface was used to
immobilize primary amines,>3 the N1s XPS spectrum had only one peak at the lower
binding energy around 400 eV. In our case of graphene, the cycloaddition product of azirine
is proposed as the major product, however, it is difficult to assign the precise product
structures by the XPS analysis alone since many N-containing species have similar binding
energies. Nevertheless, it can be said with confidence that the high-resolution N1s spectra in
figure 7 are consistent with covalent attachment of the graphene.

Additionally, XPS imaging combined with small-spot ROI analysis was used to provide
quantitative surface composition of the patterned surface.>* Figure 8 shows the background
subtracted XPS elemental images (Si, F, C) of the patterned graphene on silicon wafer, and
Figure S4 (Supporting Information) shows the XPS elemental images (Au, C) of the
patterned graphene on gold. In Figure 8, the background corrected C1s show higher signal
intensity in the areas covered with graphene (lighter regions in the image). Si and F are
presented in the substrate and PFPA, respectively, and lower signal intensities of these two
elements are also observed in the areas covered with graphene. In Figure S4 (Supporting
Information), background corrected C1s shows higher signal intensity in the areas covered
with graphene, and lower Au4f intensity (which is present in the substrate) is observed in the
areas covered with graphene. It was reported elsewhere?0 that the thicknesses of graphene
measured with AFM in the patterned areas are between ~4nm (corresponding to a mixture of
4-6 layers) and ~10-20 nm (thin graphite layer). To further determine the elemental
composition of an individual spot of printed graphene, small-spot ROI analyses were
performed. Consistent with XPS elemental images, as well as previous observation of the
patterned graphene on the silicon substrate,*0 regions that were covered with graphene show
higher percentage of carbon and lower percentages of silicon, fluorine and nitrogen (Table
4). To the best of our knowledge, this is the first time that XPS is reported to define
elemental lateral distribution of patterned graphene.

Conclusions

This study provides a detailed characterization of the nitrogen species in PFPA SAMs before
and after photoactivation and covalent attachment of patterned graphene. Using model
SAMs and the experimental XPS data, the three nitrogen peaks are assigned to amine/amide
(400.5 eV) and azide (402.1 and 405.6 eV) species, respectively. The 2:1 ratio of the 402.1
eV to 405.6 eV peak areas suggests the assignment of the peak at 402.1 eV to the two outer
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nitrogen atoms in the azido group and the assignment of the peak at 405.6 eV to the central
nitrogen atom in the azido group. After photoactivation and graphene immobilization, both
the carbon and the nitrogen spectra indicate covalent attachment of the graphene, although
the detailed product analysis warrants further investigation by employing additional
chemical and analytical methods. XPS imaging provides the lateral distribution of the
elements and shows that a patterned graphene surface is formed. This work represents an
important advance in the application of XPS as an essential analytical tool to elucidate the
detailed chemical structure of PFPA-functionalized surfaces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Molecular structures of PFPA-silane, PFB-silane, PFPA-disulfide, ATFP-thiol.
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Figure2.

High-resolution XPS C1s core level spectra of (a) PFPA-silane or (b) PFB-silane
functionalized silicon wafers, and (c) PFPA-disulfide or (d) ATFP-thiol functionalized gold
surfaces. The different peaks in each fit and their binding energies are provided in table 2.
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Figure 3.
High-resolution XPS N1s core level spectra of (a) PFPA-silane or (b) PFB-silane
functionalized silicon wafers.
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High-resolution XPS N1s core level spectra of (a) PFPA-disulfide and (b) ATFP-thiol

functionalized gold surfaces.
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Figure5.

The resonance structures of PFPA illustrating how the N(a) and N(c) atoms are equivalent
but the N(b) atom differs, in agreement with the 2:1 peak area ratio observed in the XPS
high resolution N 1s spectra.
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Figure®6.

Change in high-resolution XPS N 1s peak area ratio during exposure of the PFPA-silane
functionalized silicon wafer to monochromatized 1486.6 eV X-ray irradiation: relative area
of the three N1s peaks to the entire N1s signal (@ 400.5 eV peak, B 402.1 eV peak, A 405.6
eV peak).
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Figure7.
High-resolution XPS N1s core level spectra of graphene attached to (a) PFPA-functionalized
silicon wafer surface, and (b) PFPA-functionalized gold surface.
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Figure8.
XPS background corrected images of patterned graphene on a PFPA-functionalized silicon

wafer: (a) F1s image, (b) C1s image, (c) Si2p image, (d) a superposition of all three
elements (C: green, Si and F: purple). Image size: 400 um x 400 um. Spots marked i and ii
are the areas selected for small spot analyses (see Table 4).
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Table 3
XPS N1s peak area ratios for various surfaces.
BE 40056V | 402.1ev | 405.6ev

FWHM 1.4 1.4 1.4

PFPA-silane SAM 0.41 0.41 0.18
PFPA-silane:PFB-silane (10:1) SAM 0.84 0.16 -
PFB-silane SAM 1.0 -- --

PFPA-disulfide SAM - 0.68 0.32
ATEP-thiol SAM 1.0 . -
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XPS determined surface elemental compositions of Spot i (substrate and PFPA) and Spot ii (graphene) in
Figure 8d obtained by small-spot ROI analysis (27 pm x 27 pm).

Atomic %
Spoti | Spotii
F1s 7.7 51
O1ls 28.3 23.2
N 1s 5.2 4.1
Si2p 135 10.0
C1ls 453 57.6
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