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Hydrogen-terminated diamond surfaces can be covalently modified with molecules bearing a terminal vinyl
(C=C) group via a photochemical process using sub-band-gap light at 254 nm. We have investigated the
photochemical modification of hydrogen-terminated surfaces of nanocrystalline and single-crystal diamond
(111) to help understand the structure of the films and the underlying mechanism of photochemical
functionalization. A comparison of the rates of photochemical modification of single-crystal diamond and
nanocrystalline diamond films shows no significant difference in reactivity, demonstrating that the modification
process is not controlled by grain boundaries or other structures unique to polycrystalline films. We find that
both single-crystal and polycrystalline hydrogen-terminated diamond samples exhibit negative electron affinity
and are functionalized at comparable rates, while oxidized surfaces with positive electron affinity undergo no
detectable reaction. Gas chromatograpimass spectrometry (GC-MS) analysis shows the formation of new
chemical products in the liquid phase that are formed only when the alkenes are illuminated in direct contact
with H-terminated diamond, while control experiments with other surfaces and in the dark show no reaction.
Our results show that the functionalization is a surface-mediated photochemical reaction and suggest that
modification is initiated by the photoejection of electrons from the diamond surfaces into the liquid phase.

Introduction H
OH H-plasma,
Diamond has many outstanding physical and chemical ~600° HH HH
, y g prysical a L S
properties that make it a useful material in a wide range of
applications'2 While the mechanical properties of diamond are £F eF
well-known, many emerging applications are making use of the o o=?'F o=?'F
high chemical stability of diamontiwhich makes it an attractive NH NH
: o . AAAANNAE
material for applications that involve exposure to aqueous LEF

solutions, especially under physiological conditidisThe
chemic_al stability c_ombined with_ semicond_uct_ing electric_al TFA-protected

properties makes diamond and diamond thin films attractive aminodec-1-ene,

substrates in applications such as biological and chemical 254 nm

sensing’®” However, a thorough understanding of diamond Figyre 1. Reaction scheme for photochemical modification of diamond.
surface chemistry has yet to be developed.

By using reactions which are prevalent in synthetic organic (C=C) group by way of a photochemical procé&sThis
chemistry as well as those used for modifying silicon surfaces, reaction is intriguing because it uses 254 nm photons whose
many different methods for diamond functionalization have been energy (4.9 eV) lies below the 5.5 eV bulk band gap of diamond;
developed. These include reactions inVO'Ving radical initiators furthermore, several of the alkenes of interest are also near]y
such as organic peroxid&4?halogenation of diamond surfaces  transparent at the 254 nm wavelength. While the photochemical
with subsequent organic functionalizatitn® electrochemical  modification of diamond has been shown to produce stable
reduction of diazonium salfé,and photochemical terminations  fynctional monolayer$5-1° many questions remain about how
at varying energies (172 nm, 7.2 é¥)254 nm, 4.9 eV}o1/ the reaction proceeds mechanistically and how the organic film
By terminating the surface with molecules which have reactive s organized on the surface. Here, we report an investigation of
groups at the exposed interface, further modifications such asthe structure and mechanism of the photochemical modification
DNA or protein attachment for use in sensing applications can of diamond with functionalized terminal alkenes.
be achieved:5718.19

Of particular interest is the photochemical reaction of diamond Experimental Section
with alkenes under 254 nm light? as depicted in Figure 1. In
this reaction, hydrogen-terminated nanocrystalline diamond films
are covalently modified with molecules bearing a terminal vinyl

Sample Preparation.Nanocrystalline diamond thin films (p-
type, B-doped, 0.49m thick) were grown on silicon (111)
wafers at the Naval Research Laboratory with a boron concen-
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samples were cleaned in 3:1 HCI/HN@liluted 1:1 in HO) (a)
to remove contaminant metal species and 3;3@G/HNO; to 7 2000 0(1s)

remove graphitic and amorphous carbon prior to hydrogen 6x10* 7] 1500] Ve
termination. Samples were heatedt600°C in a 13.56 MHz 1 10004 _
inductively coupled hydrogen plasma (20 Tors)Hor 5 min, 4 %40 535 530 525
cooled under plasma for 15 min, and brought back to room
temperature under 5 Torr Hor 20—45 min. We note that
cooling the sample with the plasnea is critical to achieving
good hydrogen termination. Using X-ray photoelectron spec- 1¢(1s)

troscopy (XPS), the C(1s) and O(1s) core-level spectra were 0300 .0 250 P
acquired; these show that the plasma treatment leaves a Binding Energy (eV)
hydrogen-terminated surface with very little oxygen contamina- (b)

tlon. | o c(ts)
The H-terminated samples were placed on quartz slides inside o

a Teflon reaction chamber. Small volumes- L) of the
E pl) Fic U
&

4x104

Counts

2x10%

liquid reactants were placed onto the diamond surface and
covered with a second quartz slide, trapping a thin liquid film

over the surface. The Teflon chamber was sealed with a quartz :;f . ,
window, and the sample was illuminated with a low-pressure N 290 280
mercury lamp (254 nnm;-1 mW/cn?) under a flow of dry N. g

Reactions were allowed to proceed for varying times at room g |F(1s)

temperature. Most experiments reported here were performed 5 - _-/s'gu : .

using trifluoroacetamide-protected 10-aminodec-1-ene (TFAAD)
that was synthesized and purified as previously descfbed. 0(1s) f\

Analysis of the starting material by gas chromatograpmass — A
spectrometry (GC-MS) showed no detectable impurities. Some

o)

experiments were performed using perfluorodecene (3,3,4,4,5,5, N(1s) b A bt
6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-decene, Aldrich) and 3 - —

1-dodecene (Aldrich). Analysis of these showed no significant _/\

impurities; they were used without further purification. After i 405 ' 395

the photochemical reaction, diamond samples were sonicated Binding Energy (eV)

n m(_athanol (5 min) and Chlqroform (5 min) to remove any Figure 2. XPS spectra of (a) H-terminated NCD and (b) TFAAD
physisorbed reactants and dried with before analysis. terminated NCD. Individual spectra not to scale.

Characterization. The samples were characterized using XPS
and ultraviolet photoelectron spectroscopy (UPS) in a single convenient marker peak in the GC spectra for normalization of
ultrahigh-vacuum systenP(< 5 x 1071° Torr) equipped with  the time axis.
a load-lock for sample introduction, a monochromatized &l K
element (1486.6 eV) and He(l) emission lamp (21.2 eV) as Results
excitation sources, and a hemispherical analyzer with a multi-  5yangitative Analysis of Surface Functionalization.Figure
channel detector. Analyzer resolutions of G-@1 eV and 0.+ _ 2ashows a high-resolution XPS spectrum of the C(1s) and O(Ls)
0.2 eV were used for UPS and XPS measurements, respectivelyyegions of a hydrogen-terminated nanocrystalline diamond film
Spectra were obtained immediately after each chemical Process{4—NCD). The spectrum shows a single, sharp peak at 284.5
ing step to avoid contamination. Unless otherwise noted, the a\/ with a full width at half-maximum (fwhm) of 0.9 eV, only
measurement geometry involved co_llecting ele_ctrons eject_ed alg|ightly larger than the width of the monochromatized Ak K
45° from the surface normal. Atomic area ratios for varying goyrce. No features are evident at higher binding energies of
core-level spectra sm_Jch as C(1s) an.d F(1s) \.NI.|| be denoted as.2g86-290 eV, where oxidized carbon species would be
Aras/Acasy these ratios were determined by fitting raw data to  opserved. The sharp, symmetric shape of the peak indicates that
Voigt functions with a baseline correction and adjusting values the surface is free of non-diamond carbon impuritfsEhe inset
for atomic sensitivity factors (C, 0.296; F, 1.00; N, 0.477; O, snhows the O(Ls) region for the same surface, showing only very
0.711). In UPS measurements, samples were biasetb —2 weak intensity. Measurement of the O(1s) and C(1s) peak areas
V to ensure that the vacuum level of the §amp|e was higher in |gads to a ratio of areaBogsf/Acus) of 0.0059; after accounting
energy than that of the analyzer; this is a requirement for for the C(1s) sampling depth as controlled by the inelastic mean
obtaining accurate work function and electron affinity measure- free path, this corresponds to less than 0.1 monolayer (oxygen
ments? Spectra of tantalum clips in direct contact with the  atoms per surface carbon atoms) for the H-terminated surface.
samples were obtained to determine the Fermi cutoff and adjustxps measurements on H-terminated single-crystal diamond
for differences in the sample and analyzer Fermi levels. UPS (111) samples, H(111) (natural 1B, cleaved face; not shown),
spectra presented here have been corrected for sample bias ange identical to those shown here, except for a slightly lower
the Fermi cutoff so that 0 eV corresponds to the Fermi energy, amount of oxygen on the diamond (111) samples. For both NCD
Er. and single-crystal diamond, we conclude that the H-termination

Postreaction liquid-phase components were analyzed by GC-procedure leaves a clean, hydrogen-terminated surface that is
MS using an RTX-5 column. Samples were collected from the virtually free of oxidized sites or other contamination.
reaction cell using a methanol washQ@.5 mL) of material from Figure 2b shows XPS spectra of the C(1s), F(1s), O(1s), and
the diamond surface or quartz slide followed by dilution to N(1s) regions of a nanocrystalline diamond surface after
constant volume in methanol. The methanol acts to provide a photochemical functionalization with TFAAD. The C(1s) peak
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ratio reaching a limiting value of 0.22. Identical measurements

2 1
i "}' on a diamond (100) sample (not shown) yield a limitig:sf
020 Acis) ratio of 0.24 (reaction time= 22 h). The limitingArqs/
<Du.15 Ac(s) ratios on the single-crystal diamond (111) and (100)
*'g samples and on the NCD sample are identical within experi-
i i mental error. This similarity as well as the similarity in rate of
0.05-/ .- Diamond(111) functionalization between single-crystal and NCD samples
shows that grain boundaries of the NCD sample do not control
909 AT e its reactivity.
Time (hours) While H-terminated samples can be easily functionalized,

oxidized samples show little or no reactivity toward alkenes.
The Supporting Information includes XPS data of an oxidized
diamond sample that was exposed to TFAAD and illuminated
at 254 nm. Even after extended periods of time, no reaction is
observed with oxidized diamond surfaces.

Most experiments reported here were performed using
TFAAD, which exhibits some absorption at 254 nm due to the
TFA protecting group. To verify that photochemical function-
alization does not involve direct excitation of the=C

Time (hours) functionality, we obtained XPS data for the photochemical
- C) © reaction of HC=CH—-CgF1; (perfluorodecene), which has
0 virtually no absorption at 254 nm, with HNCD. Figure 3b
S e shows that the resulting time dependence is nearly identical to
- that of the TFAAD. Other studies have demonstrated function-
alization with several different terminal alkenes, including
1-dodecene (HECH—CyoHy1), that are transparent at 254 nm,
g while saturated alkanes show little or no detectable reacii¥/#.
+ The present and previous data demonstrate that the photochemi-
cal functionalization is a general reaction that works for a wide
G A 1 variety of molecules having an alkene functionality but does

|
45 40 35 30 25 20 15 10 . .
Take-off angle 0 (degrees) not depend on the molecule of interest having a strong

Figure 3. Functionalization of diamond surfaces with (a) TFAAD and absorption at the wavelength of excitation.
(b) perfluorodecene (on NCD) as a function of illumination time. (c) Structure of Monolayer Films. The covalently bound
Normalized intensity of the high binding energy C(1s) peak as a TFAAD on the single-crystal (111) surface was analyzed using
function of takeoff angle. angle-resolved XPS (AR-XPS). Extracting quantitative informa-
for the TFAAD-functionalized surface has a sharp peak at 284.5 tion on diamond is difficult because the C(1s) signal intensity
eV, along with a significant shoulder at 286.1 eV and two arises from both the diamond bulk and the TFAAD layer. The
satellite peaks at 288.7 and 292.9 eV. On the basis of area of the high binding energy C(1s) peak at 292.2 eV (from
electronegativity considerations, we attribute the peak at 292.9the CFs group) relative to the total C(1s) area can be used as a
eV to the C atom in the GFgroup and the 286.1 eV peak to Measure of the molecular density. Figure 3c showsAthe /
the carbonyl carbot Quantitative measurements of the area Acqs) ratio as a function of photoelectron takeoff angle for a
of the F(1s), O(1s), and N(1s) peaks shown in Figure 2b yield TFAAD-terminated diamond (111) surface. Thg, /Acqsratio
area ratios ofArisjAousiAnas) = 3.0:1.3:1.0; these values IS approximately 0.047 at an angle of “4Sncreasing to
correspond closely to the values of 3:1:1 expected from the @pproximately 0.075 at an angle of8fom the normal (10
molecular formula of TFAAD, GH,gFsNO. The slightly higher from the sample plane). Because of the inability to distinguish
amount Of Oxygen iS ||ke|y due to the Sma” amount Of the Under|y|ng dlamond bulk from the alkyl Cha|n, |t iS not
contaminant oxygen initially on the H-terminated sample. We possible to accurately determine the molecular density directly
thereby conclude that the attachment to the surface leaves thérom these data. Howevernainimumcan be set if it is assumed
molecules intact and, in particular, does not lead to any that all C(1s) intensity at lower binding energies arises from
detectable changes in the amine functionality or its protecting the diamond and not from the organic layer. In this case, the
group. number of carbon atoms that are detected can be determined
To characterize the rate of functionalization, we monitored Separately from the known electron attenuation length (1.18
the reaction of TFAAD with H-NCD and H-(111) as a  NMf*?*and using the density of diamond (3.51 gfand the
function of time, using theArusf/Acqs) ratio as a measure of 45° geometric angle, y|eIQ|ng 4.2 10 atoms/cm. The ratio
the extent of surface termination. For the NCD sampleAhg) ~ AesedAcus)=0.047 then yields-1.9 x 101 TEAAD molecules/
Acqs)ratio, shown in Figure 3a, increases linearly at first and €. This number is a lower limit because in reality the C(1s)
then reaches a limiting value of 0.24 aftedl5 h. To identify signal includes contributions from both the molecular layer and
whether grain boundaries of the polycrystalline film significantly the underlying diamond substrate.
influence the surface reactivity, we conducted similar experi-  The angular dependence shows that the relative contribution
ments using single-crystal samples (p-type, boron-doped, typefrom the Ck groups increases at takeoff angles close to the
11B) that were H-terminated and then modified using the same sample plane. This is consistent with thes@ffoups being at
procedures. Figure 3a shows that on the diamond (111) surfacethe exposed interface. We further note that previous studies
the Ar1sfAc(is) ratio has a time dependence nearly identical to using this same molecuté® have shown that after photochemi-
that observed on the polycrystalline sample, withAbhgsf/Ac(1s) cally linking to the diamond surface, subsequent chemical

A F(1s) A C{1s)

A sgssl Agig)

0.054
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identical to those used with the photochemically treated samples.
The C(1s) spectrum (Figure 4b) has a single, sharp peak at 285
eV, with no evidence for peaks near 289 or 293 eV that would
be characteristic of covalently linked TFAAD. The F(1s) signal

(a) (Figure 4e) is extremely weak, giving A-as/Ac(s) of only
0.0081; this value is less than 5% of the value of 0.17 that was
observed on the sample partially terminated under 254 nm light.
The absence of high-energy C(1s) peaks and the Agpsf

(b) Ac(1s)indicate that H-NCD does not react with TFAAD in the

dark.

In addition to emission at 254 nm, low-pressure Hg lamps

x 50 produce a small amount of emission at 185 nm (6.0 eV). To
identify whether these short-wavelength photons are responsible

(©) dentify whether these short-wavelength phot bl
205 290 285 280 for the photochemical modification, we conducted experiments
Binding Energy (eV) in which samples were illuminated through a filter that absorbs

all light below 220 nm. This filter had no significant effect on
the rate of photochemical modification, leading us to conclude

that the functionalization is induced by the 254 nm photons.

We also investigated whether lower energy photons could
induce the photochemical reaction. Because there are few
tunable sources of excitation with sufficient intensity at short
wavelengths, we used a line source at 325 nm (3.8elQ
T T T T T mW/cn¥) produced by a HeCd laser (Omnichrome 2056-8/
694 692 690 688 686 25M). Figure 4c shows the C(1s) spectrum of a sample that

Binding Energy (eV) was covered with TFAAD and then illuminatedrfd h with
Figure 4. Functionalization of the HNCD surface with TFAAD using this source. It shows only a single peak at 285 eV, with no
various illumination sources: (a, d) 4 h, 254 nm (4.9 eV}, mW/ evidence for significant reaction with the surface. Measurement
cn?; (b, e) 4 h, 325 nm (3.8 eV), 15 mW/én(c, f) 22.5 h, dark. of the F(1s) intensity, shown in Figure 4f, yields Ag:s/Acqs)

. : . . . ratio of 0.0076. This value is less than 5% of that observed on
processing steps to remove the trifluoroacetic acid protecting the surface illuminated with 254 nm lightrfa h and similar to

group proceed with high efficiency and minimal change in the the value observed for the “dark” control. The C(1s) and F(1s)

N(1s) signal from the amine; these results demonstrate that the
CFs groups are chemically accessible and therefore are almostqIata both show that even though the 325 nm source has an

certainly exposed at the outermost part of the molecular layer. intensity (10 mW/erf) ~10 times that of th_e 254 nm source a
On the basis of the comparison of our data to these results, WemW/cr’r’?), the longer wavelength does not induce any significant

conclude that the photochemical functionalization leads to a self- reaction. Accordlng.ly, we conclude that.3.8 eV photons are not
terminating monolayer bonded to the diamond surface via the SUffiICiently energetic to allow the reaction to progress.
vinyl (C=C) group. . Valer}ce-Band Structurg of Dlamond SamplesOne_very
Mechanism. One surprising aspect of the photochemical interesting property of diamond is that many studies have
modification is that it is initiated by light having a wavelength reported that H-terminated surfaces of diamond (111) and
of 254 nm. Since the 4.9 eV energy of these photons is lessdiamond (100) exhibit negative electron affinity (NEA), while
than the 5.5 eV bulk band gap of diaméhdnd is also below “clean” (vacuum-annealed) and oxidized surfaces have positive
the onset of absorption in most molecules containing only one €lectron affinities:’~3! NEA refers to the situation in which the
C=C functionality, the mechanism of the photochemical vacuum level is lower in energy than the conduction band
modification has remained unclear. To help determine the Minimum. The existence of NEA in a vacuum has implications

mechanism of reaction, we have performed a variety of for the mechanism of reaction, as previous studies have
experiments to help identify the roles of the surface and of the demonstrated that NEA diamond surfaces can emit electrons
liquid-phase reactants in controlling the functionalization. when illuminated, even using sub-band-gap light> Because

Photon Energy DependenceTo help establish the factors  the possible existence of NEA aranocrystallinediamond has
affecting the functionalization, we characterized surfaces that Not been established previously, we investigated the valence
were onlypartially functionalized with TFAAD and compared ~ band electronic structure of diamond samples.

c(1s)

Counts (arbitrary units)

w
(=3
(=]

Counts (arbitrary units)

these with several other samples. We first prepared-aNED Parts a-c of Figure 5 show UPS spectra forHNCD and
sample and partially functionalized it with TFAAD by il- H—NCD samples that were partiallfqsfAcs) = 0.04) and
luminating it with 254 nm £1 mW/cn?) for 4 h. XPS of this fully photochemically terminatedAgasyAcas) = 0.26) with
partially terminated sample yielded an area r&fiQs/Ac(s)= TFAAD. Parts d-f of Figure 5 show these same spectra

0.17, below that of the fully functionalized surface. The C(1s) enlarged in the region near the Fermi energy. The H-terminated
spectrum, shown in Figure 4a, has the usual sharp peak at 284.5ample (Figure 5a) shows a broad band of states between 5 and
eV associated with the bulk diamond and the alkyl chain, along 12 eV with a shoulder near 10 eV and a pronounced peak at
with the additional peaks at 288.7 and 292.9 eV from the 8.4 eV below the Fermi energy that is characteristic of the
carbonyl and CEgroups of the TFA protecting group. The F(1s) p-states of diamongf The samples that were partially and
spectrum is shown in Figure 4d. The C(1s) and F(1s) spectracompletely modified with TFAAD (Figure 5b,c) show similar
are consistent with a diamond sample partially modified with features overall. However, these surfaces differ significantly at
the TFAAD molecule. energies neékr. In particular, HNCD and the surface partially

A second, identical HNCD sample was exposed to TFAAD  modified with TFAAD both show an observable tail in the
for 22.5 h in total darkness and then cleaned using proceduresphotoelectron spectrum up to the Fermi energy, while the surface
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TABLE 1: Valence Band Cutoff Energy, Work Function,

and Electron Affinity of Selected Surfaces
surface Evec(eV) ¢ (eV) yx(eV)
8 H-terminated NCD 0.74 43 -05
3 H-terminated (111) 1.2 40 -03
o partially TFAAD-modified NCD 0.86 44 —0.2
completely TFAAD-modified NCD 0.97 47 +0.2
H-NCD illuminated at 254 nm in 0.67 4.4 —-0.4

S ultrahigh vacuum

i annealed NCD+1100°C) 0.95 47 402
oscesssserses annealed (111)¢1030°C) 0.88 49 +0.3
oxidized (111) 0.96 48 +0.3

is defined as the range of energies over which significant
electron emission is observe# = Engc — Evec.

Analysis of the data in Figure 5 shows that the NCD has
a valence band maximum at 0.74 eV belBwand anEpgc of
17.0 eV, these values yiel® = 4.3 eV andy = —0.5+ 0.1
eV. Similar measurements ofH{111) give an electron affinity
of —0.3 eV, consistent with previous studies on single-crystal
(111) and (100) surfacé&3°Perhaps more importantly, our data
show that H-NCD also exhibits NEA. The value gf = —0.5
+ 0.1 eV suggests that it should be possible to eject electrons
T - from the valence band into vacuum using sub-band-gap photons
08 04 0.0 0.4 of approximatelyEg — ¥ ~ 5.0+ 0.1 V. Moreover, since our
NG R valence band photoemission measurements show a significant
Figure 5. UPS of (a, d) H-terminated NCD, (b, e) an H-terminated dens":y of Occup|ed states betwﬁﬂand the valence band on

NCD sample after partial modification with TFAAD, and (c, f) a _ W .
H-terminated NCD sample after complete functionalization with H—NCD, itis clear that 254 nm photons (4.9 eV) have sufficient

TEAAD. energy to excite electrons from these states to the conduction
band, from which they can then be ejected into vacuum.
(a) x<0 (b) x>0 To determine how the electron affinity changes as the
E H-terminated surface was progressively functionalized with
E xf E i TFAAD, we performed similar measurements on the samples
x+4_ﬂ_ ) A R— that were onlypartially terminated Ar1sf/Acas) = 0.04, 2 h
Egg B ot % Eg hv illumination) and fully terminated AgsfAc@s) = 0.26) with
§_é ________ e . TFAAD, described above and shown in Figure 5b,c. The
v 5 Ewc hv 1 Evec electron affinity of the partially TFA-modified sample is still
T Eve w negative,—0.2+ 0.1 eV, as shown in Table 1. After complete
A Erec v 4 functionalization with TFAAD, the electron affinity of diamond
l becomes slightly positivet-0.2 + 0.1 eV.
v While H-terminated samples can be easily functionalized
Figure 6. Energy band level diagrams for (a) a negative electron Photochemically, XPS measurements (data presented in Sup-
affinity surface and (b) a positive electron affinity surface. porting Information) show that oxidized samples exhibit little

or no photochemical reactivity; UPS measurements on these

that has been completely functionalized with TFAAD shows a samples show a positive electron affinigy= 0.3+ 0.1 eV.
very low photoelectron intensity ne&g (Figure 5d-f). These To investigate whether 254 nm photons induce cleavage of
results show that the H-terminated surfaces have a significantC—H bonds at the surface of H-terminated diamond, we used
density of electronic states within the bulk band gap slightly UPS to look for the presence of carbon “dangling bonds”.
below Er. Previous studies have shown that heating H-diamond above 900

Figure 6 depicts the various energy levels involved in °C removes hydrogef?, leading to a pronounced increase in
calculating the work function and electron affinity of these the density of mid-gap states detected with UPS and an increase
surfaces. It is necessary to determine the energy of the cutoffin the electron affinity*: We conducted similar experiments on
in electron yield at high binding energies, referred to as the NCD and diamond (111) samples and, after ultrahigh-vacuum
high binding-energy cutofffysc), and the energy of the valence  annealing, observed a pronounced increase in the density of
band edge, referred to as the valence-band cusfd). These states and an increase in the electron affinity to 0.2+ 0.1
energies were determined by fitting the data near 16 eV eV (NCD) andy = 0.3+ 0.1 eV (diamond (111)), as shown in
(Enec) and -2 eV (Evec) to a line and extrapolating to zero  Table 1. These values are similar to valueg ef 0.4 —0.5 eV
intensity. Because mid-gap surface states can obscure themeasured previously on diamond (111) samples after annealing
valence band edge, we also separately measured the valencen ultrahigh vacuum to desorb surface hydrogef?. Thus,
band cutoff by measuring the position of the p-band and using removal of hydrogen by heating leads to clearly identifiable
a fixed 7.8 V offset between this peak and the valence-band changes in the valence band structure. To identify whether 254
cutoff 37 Both methods yield nearly identical values. The work nm light removes surface hydrogen directly, we illuminated
function, defined as the energy frogg to the vacuum level,is  H—NCD in the ultrahigh-vacuum XPS/UPS system through a
® = hv — Engc. The electron affinity is thelyy = (hv — Ey) - quartz window for 15 h using the same lamp and lares@mple
(Exec — Evac) = (hv — Eg) — w, wherew, the emission width, distance as in other experiments. The resulting spectra showed
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illuminated with 254 nm light fo4 h under dry N. The liquid
that remained after the photochemical reaction was collected
by rinsing the diamond surfaces with a small volum&Q uL)
of methanol and diluting to~0.5 mL; Figure 7b shows the
resulting gas chromatogram. In addition to the two large peaks
with retention times of 2.2 and 5.8 min, the chromatogram shows
new peaks at retention times of 2.4, 2.8, 4.0, 4.8, and 5.4 min.
The mass spectrometric fragmentation patterns for these new
product peaks (not shown) are too complex for detailed analysis.
However, the relatively short retention times indicate that these
9 3 4 5 6 products have molecular weights lower than the parent TFAAD
Retention time (minutes) molecule; we see no evidence for polymers, which would be
Figure 7. Gas chromatographs of TFAAD after various treatments: ©XPected to have longer retention times. Similar experiments
(a) neat TFAAD; (b) afte4 h exposure to UV on HNCD; (c) after on H-terminated diamond powders and H-terminated diamond
4 h exposure to UV on quartz; (d) after 24 h dark exposure eNED. (111) generated byproducts with identical retention times and
All int_ensities were normalized to that of the main TFAAD peak at gjmilar product peak height ratios to those shown for the
5.8 min. H—NCD. These experiments clearly demonstrate that new

no detectable change before and after illumination. This is in chemical species are present in the liquid phase after the
quite striking contrast to the behavior observed when a samplePhotochemical reaction with diamond.
is annealed. At a binding energy of 0.3 eV bel&w which is Two additional control experiments were performed. In the
within the bulk band gap on all samples, annealingNHCD to first, a small quantity of TFAAD was placed between two disks
remove the hydrogen increases the emission intensity by a factorof polished quartz and illuminated for 4 h. A second, “dark”
of 2.5; however, when HNCD was illuminated for 15 h the  control was also prepared in which TFAAD was dripped onto
emission at this energy changed by less than 15%, which weH—NCD and kept under dry Nfor >24 h in the dark.
estimate to be the noise level of the measurement. Similarly, chromatographic analyses of the collected liquid from these
quantitative measurement of the electron affinity and work samples (Figure 7c,d) show only the two peaks at 2.2 and 5.8
function showed no change upon illumination in ultrahigh in that arise from the methanol and TFAAD reactant, with
vacuum, as shown in Table 1. These data suggest that the 254, o\/idence for other products; the TFAAD does not undergo
nm light doeg not result in significant loss of hydrogen from any chemical changes upon exposure to only 254 nm light or
thisulrfape vflasdllretgt €ghbond;lea\t{agels ductsPrevi only H-diamond. As an additional point of reference GC-MS

nalysis of solution-rhase Reaction rroducts-revious data were obtained of the liquid collected after oxidized diamond
studies have demonstrated that NEA surfaces of H-terminated . L

was exposed to TFAAD under 254 nm illumination. The

diamond will eject electrons into vacuum when illuminated, even resulting data (see Supporting Information) show no detectable
using sub-band-gap photons in the range of energies used in 9 PP 9

our experimentd2-3 Thus, our observation of NEA on H- ck?anges |nhthe _fIU||d co(rjnposmon. Thgse e;xperlrr]nelr_]ts %Star?“Sh
terminated NCD and single-crystal diamond surfaces raises thethat new chemical pro ucts are produce: In the liquid p ase
upon illumination of hydrogen-terminated diamond samples with

possibility that electron ejection may have a role in controlling .
the surface reaction process. Moreover, because the solvatiort>4 N light. Consequently, these products can only be formed

of an electron in a dielectric (i.e., polarizable) medium always Viaa photochemical reaction that directly involves the diamond.
lowers its energy, it should take less energy to eject an electron While reported here for TFAAD, similar experiments per-
from diamond into a liquid (such as TFAAD) than it does to formed using 1-dodecene as a reactant also show that photo-
emit an electron into vacuum; this emission of electrons from chemical illumination produces reaction products in solution
a substrate into an overlayer is sometimes referred to as “internal(not shown). A previous study has shown that H-terminated
photoemission” and has been shown previously to initiate diamond can be functionalized with dodecene, and that the
electron-induced chemical reactions of molecules on nfétals functionalization can be detected via subtle changes in the shape
and on semiconductofé:* of the C(1s) spectru®® The observation of photochemical

To investigate whether electron emission creates new reactionproducts in dodecene is significant because dodecene has a
products in the liquid phase, we used GC-MS to analyze the simpler molecular structure and has almost no absorbance at

composition of the fluid medium before and after the photo- 54 nm, thereby eliminating any possibility of chemical changes
chemical modification. Data were first obtained for the TFAAD i, the liquid phase under 254 nm light. Thus, we conclude that

and the high-purity methanol that was used for rinsing. The
chromatogram of methanol shows a single peak-2t2 min
retention time. The chromatogram for the unreacted TFAAD

. . ) . .~ associated with the photochemical functionalization.
(never illuminated or exposed to diamond) that was diluted in . ) . i
methanol is shown in Figure 7a. Two peaks, one at 2.2 min Additional experiments were performed to identify whether

due to the methanol and a second at 5.8 min due to the TFAAD, the photochemical reaction rate could be altered by addition of
are observed (shown off-scale to facilitate comparison of & Stronger electron acceptor, nitrobenzene, to terminal alkenes
spectra). In the gas chromatogram of the TFAAD in methanol in solution, under the hypothesis that the added molecule would
(Figure 7a), no impurity or byproduct peaks are observed that scavenge electrons ejected from the surface away from the
rise above~1% of the height of the parent TFAAD peak. alkene. These experiments, described in Supporting Information,
Figure 7b shows the chromatogram of the TFAAD after showed no significant difference in the initial reaction rate

photochemical reaction with the-+HNCD sample. The liquid  between pure perfluorodecene and 95% perfluorodee¢ebié
TFAAD was dripped onto the HNCD, covered with a nitrobenzene, but were complicated by reaction of the nitroben-
diamond-coated quartz window to form a thin liquid layer, and zene with the diamond surfaces.

a) ]1% TFAAD peak intensity|

Intensity

the formation of new reaction products in the liquid phase is
not unique to TFAAD but is a more general phenomenon
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Discussion ization of the surface and detectable chemical changes in the
liquid phase.

Since surface “dangling bonds” on other semiconductors such
as silicon are known to be reactive toward alkenes, we consider
first the possibility that UV illumination cleaves-€H bonds
at the diamond surface, creating surface radicals (“dangling
h bonds”), which could initiate reactions with molecules in the
liquid phase. When we illuminated the H-terminated surface in
our ultrahigh-vacuum system for as long as 15 h, the UPS
spectrum did not show any detectable change. Since the removal
of surface hydrogen by thermal annealing creates a very
significant change in the UPS spectrum, this suggests that the
extent of any UV-induced €H bond cleavage is insignificant.
This is consistent with the fact that while hydrocarbons have
homolytic C-H bond cleavage energies of 44.3 eV

Physical Structure of Monolayer Films. Our XPS data show
that functionalization of nanocrystalline diamond and single-
crystal diamond with TFAAD occur at the same rate and that
the reaction on both samples eventually self-terminates, yielding
nearly identicalAr1s)Ac(is) area ratios of 0.24 and 0.22. This
demonstrates that properties unique to polycrystalline films, suc
as grain boundaries, do not control the overall surface reactivity.
A previous study showed that functionalization occurs with a
variety of molecules bearing an alkene<C) functionality,
but not with the saturated molecular analodééwdicating that
the C=C group greatly facilitates the functionalization reaction.

For bifunctional molecules it is possible that other functional
groups, in addition to the=€C group, might affect the reactivity.
This is particularly true for TFAAD, as this molecule has some hotochemical ©H bond cl . h hiah
absorption at 254 nm from the protecting group. However, three photochemica ond cleavage requires much higher
pieces of evidence indicate that the TFAAD protecting group energ|e_s (g.g., 7.2 eV forbutane). o
doesnot directly participate in the reaction with the diamond _ The liquid-phase analyses also help to distinguish between
surface. First, Figure 3 shows that the time dependence of theC—H cleavage and electron-induced processes. Using a rough
functionalization using TFAAD is quite similar to that using 2analysis of the amount of material detected in our GC-MS
perfluorodecene, and these are also similar to that observed irStudies, we estimate that the amount of new reaction product
our previous study using an alkene bearing the trifluoroethyl Observed in Figure 7b corresponds to approximately® hol.
ester of a carboxylic acitf. Thus, we conclude that, at least for ~ This 1umol of product is generated by contacting the TFAAD
these simple molecules, the photochemical functionalization is t0 ~10~° mol of surface atoms from the H-terminated diamond.
not strongly dependent on the details of molecular structure The 1000-fold difference in these numbers implies that ap-
provided the alkene functionality is present. Second, the angularProximately 1000 product molecules are produced in solution
dependence of thé,e, /Acqs data from TFAAD indicates that for each m_olecule that ultimately reacts with the surface.
the fluorine groups are at the topmost (exposed) surface, thereby”hotochemical removal of surface hydrogen by cleavage of the
implying that the reaction occurs almost exclusively through Surface C-H bond would directly produce no more than two
the terminal G=C group. Finally, previous experiments from radicals (one e;ach on the H and the C) for each surface site. In
our laborator§ and by other® have demonstrated that the TFA ~ contrast, the. ejection qf electrons from the sgrface Woulq create
protecting group can be removed to expose primary amine € ra_dlcal in the I|qU|_d for each electron eJe_cted._ \_/\(hlle it is
groups which can be used in subsequent reactions that are highlgonceivable that a single €H cleavage might initiate a
spec|f|c for primary amines_ These data a" Strong'y |nd|cate bl’anChIng Cha|n reaction in WhICh one I’adlca| |eadS to fOI'matlon

that the functional groups associated with the TFA are spectatorsof multiple radicals, reactions of this type are rété previous
during the photochemical reaction. study of radicals formed by electron impact oralkanes

From the XPS data, we find that the TFAAD binds such that concluded that the radicals that were observed were those
there are at least 2 10 molecules/cr Since this analysis forme_d by the initial impact process, with Iitt_Ie orno Sl_Jbsequent
assumed that the main C(1s) peak-d84.5 eV arises only ~ Chemistry20St Alkene (olefin) polymerization reactions are
from the diamond substrate and neglects the contribution from Widely known to be simple chain reactions in which the number
the alkyl chains, the true molecule density must be higher than Of radicals is constant, and only one polymer molecule is formed
this minimum value. This molecular density is somewhat smaller for €ach initiation everit? Thus, this process cannot easily
than the number of carbon atoms exposed on the diamond (nlxaccount.for the large number of small react|.on products detected
and (100) surfaces, 7.& 10 and 6.8 x 10% atoms/crA, in solgtlon_. Furthermor(_e, we see no evidence for polymer
respectively. However, measurements of functionalized silicon formation in GC-MS or in XPS data. In summary, the XPS,
surfaces have yielded molecular densities~e8.4 x 104 UPS,_and GC-MS data all suggest that it is unlikely that
molecules/cr#*® and self-assembled monolayers on gold yielded Photoinduced cleavage of€H surface bonds can account for
~4.4 x 104 molecules/cry®” for adsorbates with similar ~ the primary reaction pathway.
numbers of carbon atoms. The similarity between these values Instead, the data suggest that ejection of electrons from
and our data suggests that the overall density is controlled bydiamond into the liquid phase is more likely to be responsible
the packing and not by the availability of surface sites or changesfor initiating the reaction. The negative electron affinity of the
in surface electronic properties (such as electron affinity) during H-terminated samples is significant because it implies that there
functionalization. is no barrier to electron ejection at the surface, so that any

Mechanism of Initiation. An intriguing aspect of the  Process that excites electrons to the conduction band can lead
photochemical modification of diamond is the use of sub-band- to facile electron emission into vacuum. Indeed, many studies
gap illumination to initiate the reaction. New products are have reported photoelectron ejection from H-terminated dia-
formed in the liquid phase after H-terminated diamond surfaces mond, even using sub-band-gap light">35%0n diamond (111)
are illuminated in direct contact with the reactive alkenes electron ejection into vacuum has been reported using photons
(TFAAD and dodecene). In contrast, no products are observedas low as 2.0 eV enerdy,with a significant increase in yield
when the liquid is illuminated in contact with quartz or oxidized for photons with>4.2 eV energy?
diamond, nor on samples left in contact with diamond in the  For sub-band-gap illumination, these studies have reported
dark. These observations lead us to conclude that the surfacegwo possible pathways for electron emission: (1) ejection of
functionalization must involve a photochemical reaction that is electrons from the conduction band assisted by surface states
mediated by the H-terminated diamond, leading to functional- or bulk defect states lying within the bulk band §&F>°2and
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(2) by direct ejection of electrons from the valence band to the
CB e liquid phase via internal photoemission (dashed Iiffe}>
____________________ =i > Mechanism of Functionalization.Our data strongly suggest
E/acuum ) that the photochemical functionalization is initiated by the
emission of an electron into the liquid phase. In principle, the
R surface reaction could occur by several subsequent pathways:
avad (1) formation of liquid-phase radical anions that then react
I directly with the H-terminated sample, (2) formation of liquid-
I phase radical anions that abstract H atoms from the surface,
I thereby creating reactive surface sites that covalently bond to
| other molecules in solution, or (3) formation of positive holes
.
1
1

254 nm

EF (ERERRRERLE L1

s functionality. Previous studies have demonstrated that radical
Defect states

initiators such as benzoyl peroxide and lauroyl peroxide can be
used to initiate the functionalization of H-terminated diamond
with nitriles and carboxylic acid$>9-61 These papers proposed
that the radical initiator removes a hydrogen atom from the
surface, leaving a dangling bond (surface radical) on the
Figure 8. Proposed mechanisms for ejection of electrons into liquid diamond. Additional initiator species in solution then remove
phase: excitation from occupied defects and/or surface states to theH from the target molecule (for example, the acidic H on the
conduction band followed by diffusion and emission (solid arrow); —COOH group of the acid). Recombination of the surface
direct photoemission from valence band to the vacuum level (dashed (gdical with the newly formed target radical then ensues.

arow). We believe a similar process occurs at the diamond surface,
in which electrons ejected into solution create radical anions in
the liquid. Some of these anions may abstract H atoms from
the surface, leaving reactive surface sites that then link to the
C=C moiety of the liquid-phase molecules, in a manner similar
to that observed on silicon surfacds number of studies have
shown that dangling bonds created on H-terminated or vacuum-
annealed silicoi¥ %6 as well as silicon that has been illuminated
with short-wavelength UV radiatihact as highly reactive sites
that will bind to a wide variety of alkenes. A major difference
between thg@hotochemicateactions of silicon and diamond is

& in the surface layer that act as sites for reaction with the alkene
Surface

states

vB

(2) direct ejection from the valence band to the low-lying
vacuum level, without passing through the conduction Bdnd.
The second process is inefficient because of momentum
conservation rules at the diamoenadacuum interfac&® Ejection

of electrons is much more efficient when the excitation to the
conduction band occurs because in this case it is possible to
create excitons deep into the sample that can then diffuse to
the surface where they dissociate and eject the electron into
vacuum®® In this situation, the importance of NEA is that (1)
excitations initiated even at bulk defects can lead to electron that on silicon the functionalization is initiated with photons

emission from the surface and (2) any other excitation that whose energy is greater than the energy of theFSbond,
promotes electrons to the conduction band can lead to electron|eading to a direct photochemical excitation of the surface. In
emission. Excitations involving surface states may be particu- (ha case of diamond, the energy of thei& bond leads to a
larly effective because of the relaxation of momentum conserva- ., ch less direct, and less efficient, reaction pathway.

tion rules. The photoinduced transfer of electrons to molecular
species has been previously identified for the photochemical
reactions of molecules on metals and semiconductors. On metals
excitation at wavelengths below the work function has been

To maintain overall charge neutrality, the number of electrons
ejected must eventually be balanced by an equivalent number
of oxidation reactions at the surface. While some of these might
. involve surface reactions (such as removal of protons from the
shown to tra_ns_f_er electrons to molecules in an a_dsorbed IaWer’surface to balance the electrons ejected), others may involve
wherg tgey_ Initiate _bono_l clt_eavage and desorption of radical ,iqation reactions via transfer of electrons from molecules in
species”® Similarly, illumination of CHBr on GaAs(llO) at the liquid phase back to the valence band of the diamond. This
wavelengths several electronvolts below the work function can gy ation is similar to the photocatalytic oxidation on Fi@n

induce electron transfer to the @B, which subsequently {4t case excitation across the band gap creates holes that oxidize
dissociated® These studies have established a precedent fororganic molecules; charge neutrality is maintained by the
direct photoinduced electron-transfer reactions. reduction of @, H,O, or other species at the reaction inter-
Our experimental results show thatiNCD exhibits negative  face88:69
electron affinity y ~ —0.5 eV, with the valence band maximum  The propensity for oxidation vs reduction of the alkenes in
~0.7 eV below the Fermi energy. Excitation of electrons from so|ution by the diamond can be qualitatively estimated on the
filled surface states to the conduction band using a single 4.9pasis of an energy level diagram for the diametiquid
eV photon is then possible for the surface/defect states lying interface using data in the literature for model compounds, as
within ~0.1 eV of the Fermi energy. The valence band jjlustrated in Figure 9. Because relevant parameters are not
photoemission studies show clear evidence for electronic statesavailable for many molecules and because most alkenes are
in this energy range on the-HNCD surface and on a surface  expected to behave rather similarly, we use cyclohexene as a
partially functionalized with TFAAD. Thus, the conditions model. For cyclohexene, the electron affinity (EA) is 2.18V
needed to emit electrons into the reactant molecular fluid are and the ionization potential is 9.1 eé¥This places the energy
satisfied. As depicted in Figure 8, our data suggest that the of the gas-phase anion 2.1 eV above the vacuum level and the
photochemical functionalization is initiated by photoejected cation 9.1 eV below the vacuum level. In liquid form, the IP
electrons produced either (1) by excitation of surface states lyingand EA are modified by the polarization of the solvent. The
just below the Fermi energy up to the conduction band followed polarization energy, sometimes referred to as the Born energy,
by ejection of an electron into the liquid phase (solid lines) or reflects the additional stabilization of ions due to polarization
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Liquid-phase Gas-phase Conclusions
Diamond alkene alkene . . . .
The photochemical reaction of H-terminated diamond surfaces

EA~2eV using alkenes provides a versatile pathway for preparing

2~ Solvent = diamond surfaces with specific chemical functional groups.
- Polarization - Valence-band photoemission confirms that the H-terminated
1- cB ~2 e\: surfaces have negative electron affinity, and our results strongly
0— 05V —— Evscuun suggest that the photochemical functionalization with alkenes
- * acceptor level is initiated by the ejection of electrons from the H-terminated
A= surfaces upon illumination with short wavelength UV light. The
- observation of reaction products in solution only when the
S 2- TFAAD is illuminated in direct contact with the H-terminated
L - diamond confirms that the reaction must involve optical
> 3= excitation within the diamond or at its surface to initiate the
§ _4_' E, SHE = .4.4 oV reaction. The observa_ltlon _0#1000 produpt molecules in the
W e S, ) liquid phase per functionalized surface site and the absence of
any significant G-H bond cleavage in ultrahigh vacuum all
- o point to a photochemical process driven by the photoexcited
Oxidation . . k .
6= Potential electrons and holes. The ability to functionalize using sub-band-
- ~2.7Vvs. SHE gap illumination is consistent with previous studies demonstrat-
T- — ing weak electron emission from sub-band-gap illumination of
n donor level . . . .
= > diamond and likely explains the comparatively low overall rate
-8— Solvent ™. of reaction. While the negative electron affinity of diamond has
9. Polatzation™ long been recognized, the potential implications of this for
IP~9eV surface chemistry have not been previously recognized. Since

Figure 9. Approximate energy level diagram showing measured NEA is found on a number of wide band gap semiconducting
positions of diamond band edges and the approximate expectedmaterials, the mechanistic picture presented here suggests that
positions of alkener (electron donor) and™ (electron acceptor) states photoelectron emission may potentially be a versatile way to
in a vacuum (far right) and in liquid (center). initiate surface functionalization of these materials.

of the surrounding dielectric; it can be estimated by comparing  acknowledgment. This manuscript is based on research
the ionization potential in a vacuum with the electrochemical supported by the National Science Foundation Grant CHE-
oxidation potential. For cyclohexene, oxidation occurs at a 9314618. The authors acknowledge Tatyana Feygelson, Geo-
potential of 2.7 eV with respect to the standard hydrogen centers Inc. for growth of diamond films. J.E.B. and J.N.R.
electrode (SHE). Since the SHE is known to correspond to an acknowledge the support of the Naval Research Laboratory/
absolute energy of 4.4 eV with respect to vacuum, this means office of Naval Research.
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eV; if the solvation energy is independent of the sign of the
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