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Anuradha Tyagi, Xin Wang, Hui Wang, and Mingdi Yanb)

Department of Chemistry, Portland State University, Portland, Oregon 97207-0751

(Received 18 December 2014; accepted 30 January 2015; published 12 February 2015)

Perfluorophenylazide (PFPA) chemistry is a novel method for tailoring the surface properties of

solid surfaces and nanoparticles. It is general and versatile, and has proven to be an efficient way to

immobilize graphene, proteins, carbohydrates, and synthetic polymers. The main thrust of this

work is to provide a detailed investigation on the chemical composition and surface density of the

PFPA tailored surface. Specifically, gold surfaces were treated with PFPA-derivatized (11-mercap-

toundecyl)tetra(ethylene glycol) (PFPA-MUTEG) mixed with 2-[2-(2-mercaptoethoxy)ethoxy]e-

thanol (MDEG) at varying solution mole ratios. Complementary analytical techniques were

employed to characterize the resulting films including Fourier transform infrared spectroscopy to

detect fingerprints of the PFPA group, x-ray photoelectron spectroscopy and ellipsometry to study

the homogeneity and uniformity of the films, and near edge x-ray absorption fine structures to study

the electronic and chemical structure of the PFPA groups. Results from these studies show that the

films prepared from 90:10 and 80:20 PFPA-MUTEG/MDEG mixed solutions exhibited the highest

surface density of PFPA and the most homogeneous coverage on the surface. A functional assay

using surface plasmon resonance with carbohydrates covalently immobilized onto the PFPA-

modified surfaces showed the highest binding affinity for lectin on the PFPA-MUTEG/MDEG film

prepared from a 90:10 solution. VC 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4907924]

I. INTRODUCTION

Perfluorophenylazide (PFPA) has been recently used to

immobilize functional groups onto solid surfaces and nano-

particles. The versatility of the PFPA chemistry makes it an

attractive choice for surface modification upon thermal acti-

vation or light irradiation of the azide functionality.1–12 The

PFPA immobilization method is simple, reproducible, and

has been proven to be efficient to immobilize synthetic poly-

mers,1 graphene,2,3 and carbohydrates4–7 onto variety of

surfaces.8 Moreover, PFPA allows controlling the surface

density of the immobilized molecules through adjustment of

the PFPA solution concentration.9,10 The efficiency of the

surface coupling is directly related to the surface density of

the PFPA groups. Optimal surface density increases the cou-

pling efficiency and should result in enhanced interactions

with their binding partners. Thiol-gold bonding is a conven-

ient, well-defined model system for modifying surfaces and

immobilizing functional molecules onto surfaces,13,14 and

therefore, thiol-functionalized PFPAs were chosen to opti-

mize the binding affinity of PFPA. In particular, PFPA deriv-

atized with (11-mercaptoundecyl)tetra(ethylene glycol)

(PFPA-MUTEG) was synthesized for ligand immobilization

(Fig. 1).7 The surface density of the PFPA groups as well as

the impact of PFPA density on the surface reactivity were

studied by adding different mole ratios of 2-[2-(2-mercaptoe-

thoxy)ethoxy]ethanol (MDEG) (Fig. 1) to the PFPA-

MUTEG solutions. In general, the adsorption from mixed

thiol solutions allows the formation of monolayers with

widely varying compositions.13,15–17 The surface density of

a specific adsorbate does not necessarily follow its mole

fraction in solution through all concentration ranges. The

choice of solvents or thiol chain length, for example, can

bias the surface density of one adsorbate.13,18–20 Hence, it is

important to analyze the structure and composition of the

generated surfaces. The monolayers were adsorbed onto

gold surfaces from PFPA-MUTEG/MDEG mixed solutions.

These films were studied in detail with Fourier transform

infrared spectroscopy (FTIR), x-ray photoelectron spectros-

copy (XPS), ellipsometry, and near edge x-ray absorption

fine structure (NEXAFS). Carbohydrates were then cova-

lently immobilized onto the modified surfaces, and their

interactions with lectin were studied by surface plasmon res-

onance imaging (SPRi). The correlation between PFPA sur-

face density and carbohydrate immobilization efficiency was

subsequently established.

II. EXPERIMENT

A. Materials

Standard chemicals were purchased from commercial

suppliers and used as received. The long-pass optical filter

(280 nm) and high refractive index N-SF10 glass slides
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b)Present address: Department of Chemistry, University of Massachusetts
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(18 mm� 18 mm� 1 mm) were purchased from Schott Glass

Technologies, Inc. (Fullerton, CA). PFPA-MUTEG and

MDEG (Fig. 1) were synthesized following the procedures

that were described elsewhere.5

3,6-di-O-(a-D-Mannopyranosyl)–D-mannopyranose (Man3,

V-Labs Inc., Covington, LA), 2-O-a-D-mannopyranosyl-D-

mannopyranose (Man2, Sigma), D-mannose (Man, Fluka),

D-glucose (Glc, TCI), and D-galactose (Gal, TCI) were

used as received. Concanavalin A (Con A) from jack-bean

Canavalia ensiformis (104 kDa, Sigma) was used without fur-

ther purification. A stock solution of Con A (3.85 lM) was

prepared in pH 7.4 PBS buffer (1.7 mM NaH2PO4, 8.2 mM

Na2HPO4, and 150 mM NaCl).

B. Sample preparation

Gold substrates were fabricated by coating Au films on

high refractive index N-SF10 glass. The slides were cleaned

in piranha solution (3:1, v/v, conc. H2SO4/H2O2) at r.t. for

60 min. (Caution: the piranha solution reacts vigorously with

organic solvents.) The slides were thoroughly washed in boil-

ing water three times for 60 min each. The slides were then

coated with a 2 nm thick Ti adhesion layer followed by a

45 nm thick gold film in an electron beam evaporator (SEC-

600, CHA) at the Washington Nanofabrication Facility

(University of Washington). Immediately before they were

chemically functionalized, these substrates were cleaned by

soaking them in the piranha solution for 30–45 s at 35 �C

followed by washing in boiling water three times for 20 min

each. The substrates were then washed with milli-Q water

followed by ethanol before soaking in the thiol solution

for monolayer formation. Stock solutions of PFPA-MUTEG

(10 mM) and MDEG (28 mM) were prepared by dissolving the

corresponding compound in ethanol. For film preparation, the

total concentration of the thiol solution was kept at 4 mM for

either 100% PFPA-MUTEG or the mixtures of PFPA-MUTEG

and MDEG. Substrates were then soaked in the thiol solution

at room temperature for 3 h followed by gentle washing in

ethanol three times for 5 min each, and dried with nitrogen.

Carbohydrates were fabricated on SPR sensors as described

elsewhere.5 Briefly, stock solutions of carbohydrates prepared

in milli-Q water were printed onto PFPA-functionalized SPR

chips with a 360 lm capillary pin under a constant 60% humid-

ity using a robotic printer (BioOdyssey Calligrapher miniar-

rayer, Bio-Rad Laboratories, Inc.). The chip was then

irradiated with a 450 W medium pressure Hg lamp (Hanovia)

for 5 min in the presence of a 280 nm optical filter, rinsed

gently with water for three times, and dried with N2.

C. FTIR

FTIR measurements were performed using a Bruker

Tensor spectrometer with a germanium attenuated total reflec-

tance crystal in the mid-IR frequency range (4000–400 cm�1).

Each spectrum was acquired using 1000 scans at 4 cm�1 reso-

lution, and the data were analyzed using OPUS software.

D. XPS

XPS measurements were performed on a Kratos AXIS

Ultra DLD instrument (Kratos, Manchester, England)

employing a hemispherical analyzer and using a monochro-

matic Al Ka x-ray source in the hybrid mode (large accep-

tance angle of photoelectrons). Compositional survey scans

were acquired using pass energy of 80 eV and a nominal 0�

takeoff angle (TOA). The TOA is defined as the angle

between the sample surface normal and the axis of the XPS

analyzer lens. A coaxial filament was used to produce low

energy electrons for charge neutralization during all meas-

urements. 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. Compositions

were calculated with the CasaXPS software.

E. Ellipsometry

Thickness measurements were made on a model LSE

Stokes ellipsometer (Gaertner Scientific Corporation,

Skokie, IL, USA) with wavelength of 6.328 Å (He/Ne laser)

and incidence angle of 70�. The thickness was obtained by

taking the average of the readings from three different spots

on the sample surface.

F. NEXAFS

NEXAFS spectra were collected at the U7A beamline at

the National Synchrotron Light Source (NSLS, Brookhaven

National Laboratory, Upton, NY) using an elliptically �85%

FIG. 1. Molecular structures of PFPA-MUTEG and MDEG.
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p-polarized beam. The beam line is equipped with a mono-

chromator and a 600 l/mm grating that provides a full-width

at half maximum resolution of �0.15 eV at the carbon

K-edge (285 eV). The monochromator energy scale was cali-

brated using the 285.35 eV C1s to p* transition on a graphite

transmission grid and partial electron yields were divided by

the beam flux during data acquisition.21 A detector with a

bias voltage set at �250 V for the C K-edge was used to

monitor the partial electron yield. All spectra were normal-

ized to an edge step height of unity.

G. SPRi

SPRi experiments were performed on a SPR imager
VR

II

(GWC Technologies, Madison, WI) at room temperature

and at a flow rate of 100 ll/min. The experiments were car-

ried out following the procedure as described elsewere.5

Briefly, the substrates with the carbohydrate ligands were

flushed with pH 7.4 PBS buffer followed by a solution of

BSA in pH 7.4 PBS buffer (2 lM), after which, the PBS

buffer was introduced again until a flat baseline was

obtained. A solution of Con A in pH 7.4 PBS was introduced

to the flow cell for about 3 min. The running solution was

then switched to the PBS buffer followed by 8 M urea solu-

tion to regenerate the array surface. The sequence, PBS/

BSA/PBS/ConA/PBS/urea/PBS, was then repeated to test

the regenerated surface for reproducibility.

III. RESULTS AND DISCUSSION

Five solutions were prepared to vary the surface density of

PFPA: 100% PFPA-MUTEG, three mixtures of PFPA-

MUTEG and MDEG at solution mole ratios of 90:10, 80:20,

and 50:50, and 100% MDEG. Organic films were then

assembled from these solutions onto gold surfaces and FTIR

was applied to detect the successful attachment of these films.

Figure 2(a) shows the FTIR spectra of the 100% PFPA-

MUTEG film, 100% MDEG film, and the three mixed films

prepared from 90:10, 80:20, and 50:50 solutions. The charac-

teristic azide peak near 2125 cm�1 (Refs. 12 and 16) (labeled 1)

is absent, as expected, in the spectrum of the 100% MDEG

film. This peak is very weak for the PFPA-MUTEG/MDEG

mixed film prepared from a 50:50 solutions due to low azide

surface concentration in this PFPA-MUTEG film. On the other

hand, the azide absorption was observed in the 100% PFPA-

MUTEG film as well as the PFPA-MUTEG/MDEG mixed

FIG. 2. (Color online) (a) FTIR spectra of 100% PFPA-MUTEG film, 100% MDEG film, as well as PFPA-MUTEG/MDEG mixed films prepared from 90:10,

80:20, and 50:50 solutions. (b) FTIR azide peak of 100% PFPA-MUTEG film and PFPA-MUTEG/MDEG mixed films prepared from 90:10 and 80:20

solutions.
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films prepared from 90:10 and 80:20 solutions. From compar-

ing the intensity of the azide peak of the 100% PFPA-MUTEG

film with the mixed films [Fig. 2(b)], it is clearly seen that the

strongest intensity was observed for the PFPA-MUTEG/

MDEG mixed film prepared from 90:10 solution. This indi-

cates that this mixed film contained the highest surface con-

centration of PFPA. A similar trend was observed for the

carbonyl peak around 1740 cm�1 (Refs. 22 and 23) (labeled 2)

and for the aromatic symmetric stretches at around 1500 cm�1

(labeled 3) as well as the ring asymmetric stretches at

�1320 cm�1 (labeled 4).22 Moreover, the peaks that are

assigned to the aromatic Ar-F stretching at �1220 cm�1

(labeled 5) and at �1110 cm�1 (labeled 6)22 all showed higher

intensities for the PFPA-MUTEG/MDEG mixed films pre-

pared from 90:10 and 80:20 solutions as compared to the

100% PFPA-MUTEG film. In addition, the methylene stretch-

ing frequencies are characteristics for the degree of ordering in

organic layers.24–27 Measured methylene asymmetric stretch-

ing frequencies of 2920 cm�1 for the PFPA-MUTEG/MDEG

mixed films prepared from 90:10 and 80:20 solutions versus a

value of 2924 cm�1 for the 100% PFPA-MUTEG suggest that

the mixed film have a slightly higher degree of order.

XPS was used to gain further understanding regarding

the chemical composition of these films. Elemental com-

positions (Table S1, supplementary material)28 show as

expected that the 100% PFPA-MUTEG and the three

mixed films (prepared 90:10, 80:20, and 50:50 solutions)

contained N, F, C, O, and S from the films,2,12 as well as

Au from the substrate. It is should be noted that quantita-

tive information based on the N signal is limited as the az-

ide decomposes under the x-ray measurement29 and this

may be the reason for the decrease in the nitrogen atomic

percentages in the mixed films prepared from 90:10 and

80:20 solutions compared to the 100% film (Table S1, sup-

plementary material).28 Table I shows the XPS determined

elemental compositions without the gold signal from the

substrate compared to the expected stoichiometric elemen-

tal compositions of PFPA-MUTEG and MDEG. This table

provides insight about where various elements are located

in the film. The measured S concentration is significantly

lower than the stoichiometric value, indicating S is located

near the Au substrate. The C, O, and F XPS compositions

are very close to the expected stoichiometric compositions

indicating that the PFPA films have a fairly homogeneous

composition. The C/Au ratio is a good indication of the

film thickness/density and homogeneity. A higher value

corresponds to higher presentation of the organic mole-

cules covering the gold substrate and smaller standard

deviation values indicate improved homogeneity of the or-

ganic layer across the gold substrate. While comparing the

C/Au ratios for the different films (Table II), it is clear that

the 100% PFPA-MUTEG film was thinner or less dense

than the PFPA-MUTEG/MDEG mixed films prepared

from 90:10 and 80:20 solutions. This is consistent with the

significant decrease in the measured Au composition of the

mixed films prepared from 90:10 and 80:20 solutions,

compared to the 100% PFPA-MUTEG (Table S1, supple-

mentary material).28 The F/Au ratio followed the same

trend providing additional confirmation that the PFPA-

MUTEG/MDEG mixed films prepared from 90:10 and

80:20 solutions contained higher surface concentrations of

PFPA-MUTEG. Moreover, the 100% PFPA-MUTEG film

had higher standard deviation values, indicating a less ho-

mogenous coverage of the organic layer.

To determine the thickness of the different films, ellipsom-

etry measurements were performed.20,26,27,30,31 The measured

values were 26.2 6 1 Å for 100% PFPA-MUTEG,

29.0 6 0.3 Å and 28.9 6 1 Å for the PFPA-MUTEG/MDEG

mixed films prepared from 90:10 and 80:20 solutions, respec-

tively. Consistent with the XPS results, the 90:10 and 80:20

PFPA-MUTEG/MDEG solutions produced the thickest films.

NEXAFS carbon K-edge spectra for the 100% PFPA-

MUTEG films as well as the mixed PFPA-MUTEG/MDEG

films prepared from 90:10 and 80:20 solutions acquired at an

angle of 55� between the incident x-ray beam and the surface

plan are shown in Fig. 3. This is the NEXAFS “magic angle”

and is typically used to compare differences in bonding fea-

tures among samples.21 All three spectra exhibit a character-

istic resonance near 285 eV, and for the two mixed films this

peak is split into peaks at 284.9 and 285.9 eV (labeled 1 and

2). This resonance is commonly related to the p* resonance

TABLE I. XPS determined elemental compositions without the gold signal from the substrate compared to the expected stoichiometric elemental compositions.

Stoichiometric atomic percent (calculated) Atomic percent measured by XPS

PFPA MDEG 100% PFPA-MUTEG PFPA:MDEG 90:10 PFPA:MDEG 80:20 PFPA:MDEG 50:50 100% MDEG

N 7.5 — 7.3 3.9 4.3 4.3 —

F 10.0 — 8.6 10.6 10.8 2.6 —

S 2.5 10.0 2.0 1.2 1.4 0.7 4.6

C 65.0 60.0 64.0 66.9 64.7 73.4 65.6

O 15.0 30.0 18.1 17.5 17.9 19.1 29.8

TABLE II. XPS C/Au, F/Au and F/C atomic ratios of 100% PFPA-MUTEG

film, 100% MDEG film, and PFPA-MUTEG/MDEG mixed films prepared

from solution concentrations of 90:10, 80:20, and 50:50.

XPS atomic ratios

100%

PFPA-MUTEG 90:10 80:20 50:50

100%

MDEG

C/Au 1.3 6 0.5 2.2 6 0.2 2.1 6 0.2 0.72 6 0.1 0.7 6 0.2

F/Au 0.16 6 0.04 0.35 6 0.04 0.35 6 0.05 0.04 6 0.01 —

F/C 0.14 6 0.05 0.16 6 0.001 0.17 6 0.01 0.05 6 0.02 —
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from C¼C bonds.32–38 However, upon fluorination, the p*

C¼C resonance is shifted by as much as 5 eV,21,37 and there-

fore, the peak at 289.2 eV (labeled 4) is also related with the

F-C*¼C-F p* resonance. In addition, the two PFPA-

MUTEG/MDEG mixed films present a shoulder at 288.2 eV

(labeled 3) and a peak at 289.8 (labeled 5). Previous

NEXAFS studies of aromatic molecules showed a split of p*

resonance to p*1 and p*2 that may be resulted from reso-

nance interaction between localized molecular states.21,33,38

Thus, it is likely that the peaks at 288.2, 289.2, and 289.8 eV

(labeled 3–5) are related to F-C¼C-F and F-C¼C-N p*

resonances, and the peak at 285.9 eV (labeled 2) is related to

C¼O p* resonance. The peak at 293.8 eV (labeled 6) corre-

sponds to the C-C r* transition.38 By comparing the spectra

for the 100% PFPA-MUTEG film to the mixed PFPA-

MUTEG/MDEG films prepared from 90:10 and 80:20 solu-

tions, it is clearly seen that the peaks that are related to the

PFPA aromatic structure (labeled 1, 3, and 5) are much

stronger in the spectra of the mixed films. Their appearance

in the mixed films spectra can be attributed to the increased

surface density of the PFPA-MUTEG upon assembly in the

presence of the shorter MDEG spacer.

FTIR, XPS, ellipsometry, and NEXAFS all show that

PFPA-MUTEG/MDEG mixed films prepared from 90:10 and

80:20 solutions present higher surface density of PFPA groups

as compared to the films prepared from 100% PFPA-MUTEG

solution. In addition, FTIR methylene stretching frequencies

suggest that orientation effects also result in the higher surface

density of the PFPA on the PFPA-MUTEG/MDEG mixed

films prepared from 90:10 and 80:20 solutions. A possible ex-

planation to the higher PFPA surface density after slightly

diluting the PFPA-MUTEG solution with the MDEG is the fact

that the PFPA-MUTEG chains are relatively long and flexible

and the addition of short MDEG chains serves as a spacer facil-

itating the chain packing, thus increasing the packing density

and order of the resulting film. Following this assumption, addi-

tional study was performed by diluting the PFPA-MUTEG sol-

utions with MUTEG, which has similar molecular length as

compared to PFPA-MUTEG and is much longer than the

MDEG spacer. The molecular structure of MUTEG is provided

in Fig. S1 (supplementary material)28 and Table S2 (supple-

mentary material)28 provides the XPS determined surface ele-

mental compositions of the film prepared from 100% MUTEG

solution as well as a mixed film prepared from 90:10 solution

of PFPA-MUTEG and MUTEG. As shown Table S2 (supple-

mentary material),28 the surface compositions of the films

prepared from 100% MUTEG and 90:10 PFPA-MUTEG/

MUTEG solutions are similar, indicating that the film prepared

from 90:10 PFPA-MUTEG/MUTEG solution contains mainly

MUTEG molecules. PFPA-MUTEG and MUTEG have similar

length but the smaller head group of the later leads to preferred

adsorption of the MUTEG molecules on the gold surface even

when only 10% are presented in the solution. Unlike the longer

MUTEG, MDEG is much shorter and therefore acts as a spacer

and allows coadsorption with PFPA-MUTEG and as a result

improves packing density, orientation and order of the PFPA

groups on the films that were prepared from 90:10 and 80:20

PFPA-MUTEG/ MDEG solutions.

The detailed surface study did not reveal significant differen-

ces between the PFPA-MUTEG/MDEG mixed films prepared

from 90:10 and 80:20 solutions and therefore additional analy-

sis was required to distinguish between the immobilization effi-

ciencies of these two mixed films. To investigate whether the

PFPA density would impact the subsequent immobilization,

and whether there are differences in surface affinity between

the PFPA-MUTEG/MDEG mixed films prepared from 90:10

and 80:20 solutions, carbohydrates were coupled onto the

PFPA-modified Au surfaces. Man3, Man2, Man, Glc, and Gal

were printed on PFPA-functionalized SPR sensors in

quadruplets in a 5� 4 array and were then immobilized by

photoactivation.8 Functional assays were carried out by expos-

ing the carbohydrate microarray to the Con A solution and SPR

responses were recorded (Fig. 4). Con A is a lectin that exhibits

FIG. 3. (Color online) NEXAFS carbon K-edge spectra acquired at x-ray inci-

dent angle of 55� for the 100% PFPA-MUTEG film, as well as the PFPA-

MUTEG/MDEG mixed films prepared from 90:10 and 80:20 solutions.

FIG. 4. (Color online) SPRi responses, in percent change in reflectivity

(D%R), of a carbohydrate microarray to Con A. Carbohydrates were immo-

bilized on SPRi sensor chips treated with PFPA-MUTEG/MDEG. Each data

point was an average of the four duplicate spots on the microarray. The lines

were drawn to aid visualization.
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high affinity for carbohydrates having a terminal a-D-

Mannopyranosyl group.39 Glc is also a binder to Con A,

although the affinity is weaker than Man, and Gal is a nonbinder

to Con A. It is clearly observed in Fig. 4 that the strongest sig-

nals (i.e., highest binding affinity) were measured for carbohy-

drates immobilized on the PFPA-MUTEG/MDEG films

prepared from 90:10 solutions. The surface densities and uni-

formities of PFPA in the mixed films prepared from the 90:10

and 80:20 solutions were the same within the experimental

error, as determined by the FTIR, XPS, ellipsometry, and

NEXAFS experiments. SPR indicates that there were some

small differences between these two surfaces that resulted in

the carbohydrates being immobilized onto the PFPA-MUTEG/

MDEG mixed film prepared from 90:10 solution in a concen-

tration, orientation, or conformation that produced a higher bio-

logical activity.

IV. SUMMARY AND CONCLUSIONS

This article presents a detailed investigation of the chem-

ical composition for the PFPA tailored surfaces. PFPA-

MUTEG mixed with MDEG was assembled onto gold

surfaces from solutions of different mole ratios. The result-

ing films were characterized by FTIR, XPS, ellipsometry,

and NEXAFS. The results consistently show that the mixed

PFPA-MUTEG/MDEG films prepared from the 90:10 and

80:20 solutions had the highest PFPA density, the mixed

films were the thickest and the most homogeneous. While

PFPA-MUTEG chains are relatively long and flexible, the

addition of short MDEG chains appears to serve as a spacer

facilitating the chain packing, thus increasing the packing

density and order of the resulting film. SPR analysis of im-

mobilized carbohydrates on the different PFPA modified

surfaces shows the highest surface affinity for lectin on the

PFPA-MUTEG/MDEG films prepared from 90:10 solutions.

This demonstrates that the surface chemical composition of

PFPA films can have a profound impact on the immobiliza-

tion efficiency and function of the immobilized ligands.
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