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The kinetics of acid deprotonation on the Cu(100) surface have been studied using four different fluorinated
carboxylic acids (CFHCO,H, CRCOH, CR,HCR,.CO,H, and CECFR,CO,H). All four acids adsorb molecularly

on Cu(100) at 90 K but deprotonate during heating to form carboxylates on the surface at temperatures below
300 K. Temperature-programmed reaction spectroscopy and X-ray photoemission spectroscopy were used to
verify that the acids deprotonate on the Cu(100) surface. Work function measurements were used to study
the deprotonation kinetics during heating and to estimate the activation energy baﬂE:ﬁ;sHI to
deprotonation. The nature of the transition state to acid deprotonation on Cu(100) was probed by analysis of
linear free energy relationships (LFER) or correlation&‘x&fé_H with the acid substituent constants, The

field reaction constanjg, or the slope of the LFER was found to pe= —52 + 13 kJ/mol in the limit of

zero coverage anpge = —19 + 2 kJ/mol at a coverage of 1/2 ML. These valuesopttan be compared to

the value ofpr = —104 kJ/mol for acid deprotonation in the gas phase. This comparison suggests that the
transition state for acid deprotonation on Cu(100) must be anionic with respect to the reactasit (RCO
[RCOZ‘S_"'HM]'JF — )

1. Introduction complicated by the fact that a fraction of the adsorbed-CF
CO;H desorbed during heating. Although the barrier to depro-
Since heterogeneous catalysis is fundamentally a kinetic tonation, AEY, ,,, of CRCOH was shown to be lower than
phenomenon, characterizing the transition states to elementarynat of CHCO:H, the results did not allow us to distinguish
steps in catalytic surface reaction mechanisms is critical to petween heterolytic and homolytic descriptions of the transition
understanding the influence of catalysts on activation barriers siate for acid deprotonation on the Ag(111) surface. A more
and catalytic reaction kinetics. Unfortunately, few experimental qyantitative study requires surfaces on which the deprotonation
approaches to examining the nature of transition states onyeaction is substantially faster than desorption. Carboxylic acids
surfaces are available. One approach is to use substituent effectsre known to deprotonate on single-crystal surfaces of metals
a method that has often been employed in gas-phase andsych as CH~17 or Pt1819 Since there have been a number of
solution-phase reactions. The application of substituent effects syydies of both carboxylic acids and carboxylates on Cu surfaces,
in surface chemistry, however, is still limitéd he elimination they are good candidates for a thorough study of acid depro-
of B-hydride in alkoxides on the Cu(111) surface is an example tgnation kinetics.
of a surface reaction in which substituent effects have been used The surface chemistry of formic acid and acetic acid has been
to show that the transition state is cationic with respect to the syydied on all three low Miller index surfaces of copper. On
reactant, [R€*+--H°~]*23 Another reaction for which substitu-  the Cu(110) surface, Bowker and Madix found that acetic acid
ent effects have been used as probes of the transition state igdsorps molecularly on the clean surface at 14% Ruring
the dehalogenation of alkyl iodides on Ag(111) and Pd(111) heating, acid deprotonation occurred at temperatures between
surfaces'® Deiodination kinetics were measured using a series 140 and 375 K to produce adsorbed formate and acetate.
of alkyl iodides with a wide range of substituent groups. In that \jpjecular desorption of acetic acid was also observed at 240
case the transition state was found to be homolytic or reactant-k . The hydrogen atoms generated on the surface as a result of
like, [RC+I%. The use of substituent effects is broadly geprotonation recombine to desorb asati310 K. The formate
applicable and can be a valuable tool for expanding the scopeang acetate were stable during heating until the temperature
of our understanding of catalytic processes. reached~600 K, at which point they decomposed to produced
The work presented in this paper expands on a previous studyH,, CO,, and other species that desorbed into the gas phase.
of the nature of the transition state for carboxylic acid depro- The barrier to the deprotonation of acetic acid on the Cu(110)
tonation on Ag single-crystal surfacksThat work examined  surface was measured by Lee et al. and found to vary from
the surface chemistry of G80O,H and CRCOH on Ag(111)  AE} , = 37.6 kd/mol at low coverages E},_,, = 106 kJ/
and Ag(110) surfaces. In summary, §3O,H adsorbs revers-  mo] at high coverageX. The focus of the work described in
ibly on the Ag surfaces and desorbs during heating while-CF  this paper is the nature of the transition state to deprotonation
COH deprotonates on the surface to form sCB,—Ag. of acids on the Cu(100) surface which will be probed through
Unfortunately, measurement of the deprotonation kinetics was measurements ®kE{ .. Clearly, the existing studies indicate
that attention must be paid to the coverage dependence of these
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effects. Measurements have been made of the deprotonation TPRS of CF_HCO_H / Cu(100)
reaction kinetics using a series of fluorinated carboxylic acids 2 2
(CRHCOH, CRCOH, CRHCRCO,H, and CECRCO,H)
adsorbed on the Cu(100) surface. Temperature-programmed
reaction spectroscopy (TPRS) and X-ray photoemission spec-
troscopy (XPS) were used to show that all four carboxylic acids
deprotonate to form carboxylates on the Cu(100) surface at
temperatures in the range 15800 K. The carboxylates
decompose during further heating to yield £@nd other
fluorinated species at temperatures of 5600 K. TPRS and
XPS results show that desorption from the Cu(100) surface is
much slower than deprotonation so acid desorption is not
detected under any experimental conditions reported in this
study. Work function measurements have been used to measure
the deprotonation kinetics and thus estimate the barriers to
deprotonation,AE¥, ,,. Correlation of acid substituent con-
stants,or, with the AE‘g,H shows that the transition state for HF"
acid deprotonation on Cu(100) is anionic with respect to the
adsorbed acid (RCf(ag) <> [RCOL™++-HOT]* — ).
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200 400 600 800
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. . Figure 1. TPR spectrum of CFHCO,H monolayer on the Cu(100)

All experiments were performed in an UHV chamber surface at saturation coverage. The heating ratedwag K/s. Signals
equipped with an Af ion gun for cleaning the Cu(100) crystal were monitored am/q= 2, 20, and 44.
surface, leak valves for gas dosing, an Al K-ray source and
VG CLAM II hemispherical analyzer for X-ray photoelectron 3 Rasuits
spectroscopy (XPS), and a Dycor quadrupole mass spectrometer
for desorption measurements. The Cu(100) single-crystal sample 3.1. CRRHCO,H on Cu(100). The CRHCO,H monolayer
was mounted by spot-welding between two Ta wires on a small is irreversibly adsorbed on the Cu(100) surface and decomposes
sample holder which was then bolted to the end of the UHV during heating. TPRS of a GHCO,H monolayer on Cu(100)
sample manipulator. The manipulator allows cooling of the is shown in Figure 1. The monolayer is defined as the highest

2. Experimental Section

samples tal' < 100 K and resistive heating tb> 1000 K. A coverage that can be adsorbed on the Cu(100) surface before
chromel-alumel thermocouple was spot-welded to the edge of some multilayer desorption is observed during TPRS measure-
the Cu sample for temperature measurement. ments. H, HF, and CQ desorption signals ah/q= 2, 20, and

The Cu(100) sample was purchased from Monocrystals Inc. 44 amu were monitored during heating. désorption is detected
and was cleaned by several cycles of Aan sputtering followed atT ~ 300 K while CQ and HF desorption occur dt~ 540
by annealing to 1000 K. XPS was used to monitor the K. The TPR spectra of GHCO,H suggest that during heating
cleanliness of the Cu(100) surface. the acid deprotonates to form €#CO, on the surface at

The experiments used several fluorocarbon carboxylic acids temperatures below 300 K. At 290 K the H atoms recombine
(CRHCO,H, CRCOH, CR,HCF,CO:H, and CRCF,CO,H) and desorb from the surface as a Besorption of H at this
obtained from Aldrich Chemical Co. The acids are all liquids temperature is rate limited by H atom recombinai&iCF,-
at room temperature and were purified by several cycles of HCO; is stable on the surface at temperatures up 10450 K
freeze-pump-thawing. The purity of the vapor introduced into  at which point it begins to decompose to yield desorption of
the UHV chamber through the leak valves was verified by mass CO, HF, and other fragments.
spectrometry. The acids were adsorbed on the clean Cu(100) XPS has been used to show that thelEO,H decomposi-
surfaces at 90 K by backfilling the chamber through a leak tion intermediate is CFHCO,. Figure 2 shows C 1s and O 1s
valve. XP spectra of the GIHCO,H monolayer adsorbed on the Cu-

Temperature-programmed reaction spectroscopy (TPRS) wag100) surface at 90 K. The C 1s spectrum of theldEO,H
performed using the Dycor mass spectrometer to monitor the monolayer exhibits a major peak at a binding energy of 289.4
desorption signals at sevenal/q ratios simultaneously while eV with a small shoulder at 288.2 eV. After annealing to 350
the sample was heated at a rate of 2 K/s. X-ray photoelectronK, the C 1s region reveals two poorly resolved peaks at 287.2
spectroscopy (Al K X-ray source and a VG CLAM I and 288.5 eV which have similar intensity and are assigned to
hemispherical analyzer) was performed with an X-ray source the —CO, and—CF,H groups of CEHCO,, respectively. The
power of 600 W and an analyzer pass energy of 30 eV. The O 1s XP peak in CFHCO,H adsorbed at 90 K is observed at
scan times were approximately 15 minutes for the C 1s and O a binding energy of 531.8 eV with a peak width e2.5 eV.
1s spectra, and 5 minutes for the F 1s spectra. The bindingAfter annealing the Cu(100) surface to 350 K, the O 1s peak
energies of the XPS peaks were calibrated assuming that theshifts from 531.8 to 530.6 eV and the peak width decreases
values for the Cu peaks were Cusgp= 75 eV, Cu 3pp = 77 from 2.5t0 1.8 eV. The C 1s and O 1s peak shifts are consistent
eV, Cu 3s= 123 eV, Cu 2p, = 933 eV, Cu 2p, = 953 eV, with a reaction mechanism in which gffCO,H adsorbs
and Cu 2s= 10972° The surface work function was measured molecularly onto the Cu(100) surface at 90 K and then
using a Kelvin probe (Besocke Delta PHI GmbH) with the undergoes deprotonation to form £#O, on the surface upon
sample positioned approximately 1 mm from the vibrating annealing to 350 K. The proposed formation of HEO, is
gold mesh electrode during heating. The work function was supported by the decrease in the O 1s XP peak width upon
measured with a heating rate of 0.2 K/s and a time constant of heating the surface to 350 K, indicating that both oxygen atoms
tt=3s. become chemically equivalent in their bonding to the Cu(100)
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igure 2. C 1s and Ols XP spectra 0 on the Cu :
surface at 90 K and after annealing the surface to 350 K. After heating F19ure 4. C 1s and Ols XP spectra of ¢HCF,CO:H on the Cu(100)

to 350 K, the C 1s photoemission peaks from th&0, and CRH— surface at 90 K and after annealing the surface to 350 K. After heating

groups appear at 287.2 and 288.5 eV, respectively. The O1s spectrunf® 390 K, the C 1s photoemission peaks from th€0,, and Ck-

; g CF,— groups appear at 288.0 and 289.3 eV, respectively. The O 1s
for CR,HCO,H obtained at 90 K reveals a broad peak at a binding B
energy of 531.8 eV. After heating the surface to 350 K to produce the SPectrum of CFHCF,CO;H obtained at 90 K reveals one broad peak

adsorbed CFHCO,, the O 1s peak shifts to 530.6 eV and become at a binding energy of 532.5 eV. After heating the surface to 350 K to
significantlyf:]-'ar%wer. sP Shifts S produce the adsorbed @FCF,CO,, the O 1s peak shifts to 531 eV

and becomes significantly narrower.
TPRS of CF,HCF,CO,H / Cu(100)
XP spectra of CBHCF,CO,H on the Cu(100) surface are also

consistent with a process in which the acid adsorbs molecularly
at 90 K and then deprotonates during heating. The C 1s peak
shown in Figure 4 for the molecular species is centered at 290.3
eV and is broad as a result of the contributions from+@O.H,
—CRH, and —CF,— groups. The O 1s feature is centered at
532.5 eV and is quite broad due to the contributions from two
inequivalent oxygen atoms. Upon annealing the surface to 350
K, the C 1s peaks shift to 289.3 and 288 eV and the O 1s peak
shifts from 532.5 to 531 eV. The C 1s peaks have a 2:1 intensity
ratio consistent with assignment to theCF,— and —CFH
groups and to the-CO, group. The Ols peak width also
A H,' decreases as the surface is annealed from 90 to 350 K, consistent
with the formation of a CEFHCFR,CO, species with two

X equivalent oxygen atoms.
HF 3.3. CRCO,H and CFsCF,CO,H on Cu(100). TPRS and

XPS studies of CF£OH and CRCRCOH on the Cu(100)
surface have yielded results that are similar to those described
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above for CEHCFR,CO,H and CRLHCO,H. They reveal depro-
Temperature (K) tonation of both acids to yield the corresponding carboxylates
Figure 3. TPR spectrum of the GHCRCO;H monolayer on the  on the Cu(100) surface at temperatures below 300 K. During
Cu(100) surface at saturation coverage. The heating ratefwa heating, the adsorbed hydrogen atoms generated by deproto-

Kls. Signals were monitored at/q = 2, 20, and 44. nation recombine at300 K to desorb as H The carboxylates

surface. The decrease in the binding energy is consistent withthen remained as stable intermediates on the Cu(100) surface
the formation of an anionie-CO, group. up to temperatures of 450 K, at which point they begin to
3.2. CR,HCF,CO2H on Cu(100). As in the case of CF decompose. Products of the decomposition reactions that decom-
HCO:H, TPR spectra (Figure 3) indicate that £FEF,COH pose into the gas phase include £8F, CF, and other fluo-
deprotonates on the Cu(100) surface at temperatures below 300inated species. Decreases in the O 1s binding energy by 1.3
K. During heating, H desorption is observed at 280 K in the 1.5 eV are observed as the surface temperature increases from
TPR spectra. GIHCFR,CO;, the deprotonation product, remains 90 to 350 K. In addition, the O 1s XP peak becomes narrower
stable on the surface up to temperatures-600 K, at which as the deprotonation of the acid to produce the carboxylate ren-
point it begins to decompose to yield HF and £d&sorption. ders both oxygen atoms equivalent. In summary, TPD and XPS
Note that molecular desorption does not appear in the TPR studies of all four acids indicate that they adsorb molecularly
spectra, indicating that all of the adsorbed acid deprotonatesat 90 K and deprotonate on heating the Cu(100) surface to 300
on the Cu(100) surface. K. There is no molecular desorption of the acid monolayers.
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Figure 5. Work function change versus temperature during heating Figure 6. The CRHCO,H coverage versus total work function change
of CR,HCO:H on Cu(100) at various initial GFICO,H coverages. The  (A®). The solid line is a fit of a second-order polynomial to the data.
work function change occurs as a results of the deprotonation of the
CRHCO;H to yield adsorbed CIFICO,. The heating rate wgs= 0.2 the relationship between the initial gHFiCO,H coverage and
K/s. the work function change&)(A®), must be established. This is
needed to calibrate the measurement to eliminate any effects
3.4. Acid Deprotonation Kinetics on Cu(100).The depro- ::h_at m%hthlead :ﬁ a ?cinllfng]ar _cﬁgqgeﬂ&c}:ﬁ) VHV'th coverage.
tonation kinetics of the four acids on the Cu(100) surface have 'gure 5 Snows the piot ot the initia GRCO, coverage on

the surface versus the work function change. The initial coverage

been measured using temperature-programmed work function . .
measurements. The work function changes versus temperaturé)f the CRHCO.H was determined using the amount of £O

for CRRHCO;H adsorbed on Cu(100) at various coverages are a%sgpggor:(;gi?t\i/;: i‘;gﬂ%tthf&hzgegaog%c:\'/'g%lgat]fi‘f:e(ép
displayed in Figure 5. As expected, the deprotonation of the P P iy - ST
{0 a second-order polynomial function as shown in Figure 6.

acid leads to large, easily measured changes in the surface WOI’kI_ S
. . he A®(T) spectra shown in Figure 5 can then be transformed
function. The CEHCO;H coverage has been determined from into the O(T) curves via the fitting polynomial. The coverage

the area under the GO PR spectrum relative to the amount of A
i of CR,HCO, versus the surface temperatuf€T), is displayed
CO, generated by decomposition of the saturated monolayer.in Figure 7 for increasing initial GFICOH coverages. The

CO, desorption has in turn been calibrated using XPS to show peak temperaturdy, for the deprotonation reaction is estimated

that the amount of C@desorption during carboxylate decom- f the temper ':J,r f th F;nﬂ tion points of th ves in

position is in fact linear in the initial carboxylate coverage. For rom the temperatures of the nflection points of the curves

all initial coverages, the spectra in Figure 5 show that the work Figure 7. These inflection points can be found from the
! maximum in the @/dT curves shown in Figure 8. Thesé/dT

function remains fairly constant as the surface temperature curves are analogous to the desorption curves observed in TPD
increases from 90 to 150 K. The work function changes rapidly g orp
spectra and can be used to estimate the valutEff .

between 150 and 250 K, but then remains constant until the o . i s
temperature reaches 350 K. The increase of the work function | N€ activation barrier to acid deprotonatiax,,_,, can be
during heating serves as a measure of the acid deprotonatiorfje"erm'”?d from the peak reaction temperatfg, using
kinetics on the Cu(100) surface. The magnitude of the work Redhead’s equation and assuming first-order kinéfi¢srst,
function changeA®) also increases as the initial GFCO,H however, one nee_ds to detgrmlne the pr_eexponentlal factor_,
coverage increases. Thed versusT spectra agree with the of the deprotona.tlon reaction. To obtain the preexponential
mechanism for the surface chemistry proposed on the basis off@ctor, work function measurements of £f€F,CO,H depro-
the TPR and XP spectra. The acid adsorbs molecularly on thetonation were performed at various heating rates in the rﬁng(_e
surface at 90 K and then deprotonates during heating. The = 0-05 t0 1 K/s and at various coverages. For each of the heating
positive change in the work function is consistent with the rates, the value off, was determined in the I|m|§( of zero
formation of an anionic carboxylate, @fCO,°~, as the product ~ coverage. In the zero coverage limit the valueAdt,, ,, for
and thus an increase in the surface dipole contribution to the CF2HCFRCOH deprotonation was determined from the slope
work function. The deprotonation is complete by 250 K, Of IN(8/T;?) versus 1T, shown in Figure 9. The preexponential
indicating that the desorption ofzhto the gas phase at 290 K factor,v, was then calculated using Redhead'’s equation and the
is rate limited by H atom recombination on the Cu(100) value of AE§ . The kinetic parameters for GRCF,COH
surface?! Apparently, H atom recombination and desorption as deprotonation ar&E,_,, = 76.6+ 3.8 kd/mol and’ = 6.2 x
H, has very little influence on the work function of the surface. 107 s 1in the limit of low coverage. The values AiEf-),H for
Measurement of the GHCO,H deprotonation kinetics  deprotonation of all four acids at all coverages studied in this
requires that we know the extent of reaction or the carboxylate work were then calculated from Redhead’s equation using a
coverage as a function of temperatu#€T), during heating. To value ofv = 6.2 x 10Y s~1 for the preexponential factor and
obtain thefd(T) relationship from the measurexid(T) curves, the experimentally determined valuesTof
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CF,HCO, Coverage vs. Temperature Deprotonation - CF,HCF,CO_H / Cu(100)
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Figure 7. The CRHCO; coverage §) on the Cu(100) surface versus ~ Figure 9. Plot of In8/T;?) versus 1T, for CRCRHCOH deproto-
temperature during heating. The coverage increases as a results of théation on the Cu(100) surface measured heating rates varyingrom
deprotonation of the adsorbed EfEOH. Curves are plotted for = 0.05 to 1 K/s. The slope yields a value AE¢, ,; = 76.6 kd/mol.
various different initial coverages of the @fCO,H. The curves

displayed were obtained by converting the work function spectra shown

in Figure 5 to the CFHCO, coverage by application of the second- ¢ vs. T-Acid Deprotonation / Cu(100)

order polynomial found in Figure 6.
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Temperature (K) Figure 10. The extent of deprotonatiod) measured as the carboxylate
coverage versus surface temperature fostHEFO,H, CRCOH, CoF»-
HCFR,CO,H, and CECF,CO:H deprotonation on the Cu(100) surface
at coverages of roughly 0.1 ML.

Figure 8. Derivative of the CEHCO, coverage with respect to
temperature @/dT versus surface temperature at various initiab-CF
HCOH coverages on the Cu(100) surfac®/dT is proportional to

the rate of CEHCO,H deprotonation or CHHCO, appearance. These

are analogous to desorption spectra. derivatives of thed(T) curves giveT, for each of the acids.
The values ofAE}, ,, were then calculated at various cover-
The work function changes during heating ofiC,H, CF>- ages using Redhead’s equation and the valuereza.Z x 10Y
HCR,CO;H, C,FsCO;H adsorbed on the Cu(100) surface display S * obtained for CHHCR,CO;H. The values oAEg , versus
similar trends to that found for GACO,H. The work function initial acid coverage are shown in Figure 11 for all fours acids.

is constant for temperatures below 150 K, increases rapidly asln all cases, the\E}_,, increases with increasing coverage but
the temperature increases from 150 to 300 K, and then levelsthen plateaus as the coverage increases past 0.25 ML. More
off once the temperature is increased past 300 K. #f§ importantly from the perspective of this work there is a
curves for all four acids at a coverageff 0.1 ML are shown consistent decrease in théE?_,, as the degree of fluorination
together in Figure 10 for the purpose of comparison. The of the acid is increased.
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t AR TABLE 1: The Field Substituent Constants of the
AE on VS Coverage - Acids / Cu(100) Fluoroalkyl Groups of Carboxylic Acids
substituent field constantf)
909 CRH- 0.29
Ch— 0.38
88 —" CRHCR— 0.4
. — CRCR— 0.4
O O
86 o aTable 1 of ref 24 Interpolation ofor for CR,H and CRCF..
] o 1/\. . )
S 84 E/} LFER - Acid Deprotonation on Cu(100)
E [
S /
X 824 of 95 -
z y —=— CF,HCOH
H% 80 - 4 —0— CF,CO,H p.=-19% 7 kd/mol
od / —o— C,F,HCOH 90 4
1 // ° CstcozH \.\.\
789 u
{° g 85 u (AE*OH)VZ
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5
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Coverage (ML) 4
Figure 11. AE*O,H versus initial acid coverage for GHCOH, CFs- 751
CO,H, C,F,HCFR,CO,H, and CRECF,CO:H on the Cu(100) surface.
. . 70
4. Discussion
4.1. Transition State for Acid Deprotonation on Cu (100). 65
Thei goal o_f this work is to correlate the barriers to deprotonation, 025 030 035 040 045
AEg 4, with the substituent constantsg, for each of the G
acids in order to probe the nature of the transition state for acid F

deprotonation on the Cu(100) surface. To do this, however, we Figure 12. Linear free energy relationship for the carboxylic acid
must first examine the dependence @E«&H on the acid deprotonation reaction on the Cu(100) surface. The reaction constants

coverage. Figure 11 shows the vaIuesAcEfg_H as a function arepr = 524 13 kd/mol in the limit of zero coverage apg = ~19

i + 7 kd/mol at 1/2 ML coverage.
of the acid coverage. At low coverages, the value&Ef),H

increase with coverage but then reach a constant value for each, .. _.. . .
. g activation energies at zero and half coverages were determined
acid as the coverage is increasedte 0.25 monolayers. Such

- ¢ .
a coverage-dependeAEf),H has been observed by Lee et al. from Figure 11. The values oiMEq_)o were estimated by

in a study of the deprotonation of acetic acid on the Cu(110) ﬁ:g::ggi“&%gi%\i?;og (t)cf> mz icr::tra\;g(alntwhl(:hismfr?;/;ﬂ:as
surfacet! In that work, AEY_,, varied from 37.6 kJ/mol at low g PLwHEdS.

E ; E
coverage to 106 kJ/mol at high coverage. The origin of the of (AEg )12 were determined from the values AE, , at
coverage dependence SEE is not clear but may arise coverages greater than 0.25 monolayers at which point they are
O-H ; ;
from hydrogen bonding between adsorbed acid molecules. In COVerage independent. The correlations betwegnAlﬁé,HA
the gas phase, acetic acid molecules form hydrogen-bonde nd theop take t_he form of linear free energy relationships?
dimers at high pressure. On the Pt(111) surface, Gao et al. found _he field substituent constants are empirical measures of the
that acetic acid adsorbed at intermediate coverages will also.d'pOle moment of th.e substituent group. As shown in Table .l’
form intermolecular hydrogen bonésThe heat of acetic acid increasing the fluorine content of the alkyl groups results in

. - larger substituent constants. Note that the valuerofor the
dimerization on the Pt(111) surface was reported to-86.5 o ) .
kJ/mol. Hydrogen bonding can increase mEE,H by stabi- CRHCF,— group has not been reported in the literature and

lizing the acid in its protonated form on the surface. The has been estimated in this work by interpolating between the
T values for the CE(or = 0.38) and GFs (or = 0.44) groupsg?
coverage dependence AE._y, that we have observed on the The correlations between the values &EY ,, and or yield
Cu(100) surface is not as great as on the Cu(110) surfaces. Thestraight lines as shown in Figure 12
high coverage value ofAE} ,, ~ 85-90 kJ/mol for the '

fluori d acid he Cu(100 ; h is simil The nature of the transition state for acid deprotonation on
uorinated acids on the Cu(100) surface, however, is similar the Cu(100) surface can be inferred from the slope of the LFER,

to the value oAE(,_,, = 106 kJ/mol observed on the Cu(110)  ,_ 4150 known as the reaction constant. For an elementary
surface. Fuithermore, as will be shown below, one expects the g ction with a transition state which is cationic with respect to
value of AEq_, to be lower for the fluorinated acids than for  the reactant, substituents with higher valuesoefraise the
acetic acid. activation barrier by destabilizing the cationic transition state
Having determined the values AEE),H for all four acids at with respect to the reactant. As an example, fhbydride
various coverages, correlations between ﬁ@é,H and the elimination reaction of alkoxides to aldehydes on the Cu(111)
field substituent parameteor, can be examined. Since the surface yieldgr = 150 kJ/moR-3 Therefore, the transition state
activation energies are coverage dependent, we have made théor -hydride elimination is cationic, [RCO*+-HO~]%. If pp &~
correlations using the values in the limit of zero coverage, 0, then the electron density distribution in the transition state is
(AEE),H)O, and at a coverage of 1/2 ML,AEE,H)M. The not much different from that in the adsorbed reactant. This is



3510 J. Phys. Chem. B, Vol. 108, No. 11, 2004 Immaraporn et al.

the case for dehalogenation reactions on the Ag(111) and Pd-dence is attributed to stabilization of the initial state acid by
(111) surface$:® Finally, a negative value gfr indicates that hydrogen bonding as one increases the coverage. The difference
fluorination of the substituents stabilizes the transition state with between the Cu(100) and Cu(110) surface might be that the
respect to the adsorbed reactant. This implies that the transitioncorrugated nature of the Cu(110) surface inhibits hydrogen
state is anionic, as one would expect for the deprotonation of bonding between adsorbed acids at low coverages, whereas this
acids in the gas phase. occurs quite readily at low coverages on the Cu(100) surface.
The LFER for deprotonation of the carboxylic acids shows The similarities between the results at high coverages on the
that fluorination of the substituents on the acids lowers the value two surfaces are satisfying; however, the differences at low
of the AE{_,, as illustrated in Figure 12. The values @f ~ coverages have yet to be resolved.
determined in the limit of low coverage and for a coverage of  4.2. Thermochemistry of Acid Deprotonation on Cu(100).
1/2 ML are found to be AEé-H)o = —52 + 13 kJ/mol and The fact that both the transition state and the carboxylate product
(AEL )12 = —19 + 7 kd/mol, respectively. To put these ©f acid deprotonation on the Cu(100) surface are anionic with
values into perspective they can be compared with the valuesespect to the adsorbed acid does not imply that the transition
of the reaction constants for acid deprotonation and dehydro- State must be product-like. Hammond's postulate suggests that
genation in the gas phase. In the gas phase, the heat ofOr an exothermic reaction the transition state occurs early in
deprotonation of CFEOH is 105 kd/mol lower than that of ~ the reaction coordinaé.Although there is not enough data to
CH3CO;H. The CF; group stabilizes the anionic acetate product, determine the reaction energetics for deprotonation of the
RCO,~.25-27 The value of the reaction constant for carboxylic fluorinated acids used in this work on the Cu(100) surface, a
acid deprotonation in the gas phase can be estimatpdat ~ Born—Haber cycle for deprotonation of acetic acid on the
—104 kJ/mol from the gas-phase acidities of acetic acid and its CU(110) surface can be constructed. This is shown below and
fluorinated derivatived3 In comparison, the reaction constant indicates that the acid deprotonation reaction is exothermic. The

for simple, homolytic G-H bond cleavage of the carboxylic

. . . 439 kJ/mol
acids in the gas phase j& = 0 kJ/mol. In other words, CH3COHp) CH:COyy  + He
fluorination of the methyl group in acetic acid does not have
any influence on the relative energies of the gas-phase acids T61 kJ/mol 1-318 kJ/mol i—228 kJ/mol
and their corresponding carboxyl radicals; BO,. The range
P g y O g CH3CO2H ) ——— > CH3COpy + Hea)

of values that we have found for the reaction constants for acid
deprotonation on the Cu(100) are significant in magnitude to AEq.i = -47 kJ/mol

those for gas-phase acid deprotonation. This suggests that the . f th - . f head
transition state for acid deprotonation on the Cu(100) surface desorptlon energy o the a,C'd is determined from Redhead’s
is anionic with respect to the reactant. equation using the desorption temperature of 240 K reported

by Bowker et al.'® and a preexponential factor of ¥#0s1.
RCOH,. .< [RCO.2+-HoH* The heat of the homolytic acetic acid dehydrogenation reaction
OHeao) [ 2 ] to acetyl and a hydrogen atom in the gas phase has been
The reaction constant for acid deprotonation on the Cu(100) determined experimentalf§:#The adsorption energies Afaqs
surface, pr = —19 to —52 kd/mol, is lower than that for 318 kd/mol for acetyl and\Eqgs = —228 kJ/mol fora
deprotonation in the gas phage = —104 kJ/mol. One obvious hydrogen atom on Cu(110) have been obtained from electronic

atiol T " i0rR9:30 i -
explanation is that the charge separation in the transition stateStructure calculation®:*Other, experimentally and computa

on the Cu(100) surface is not as large as that of the acetatetionally determined values for these quantities suggest that they

anion and proton produced by gas-phase deprotonation. This i€ €ven greater in magnitude and would make the energetics
not surprising since the metal is likely to delocalize some of Of the surface deprotonation reaction even more exothefiriic.

the charge on the carboxylate anion product adsorbed on the! "€ Born-Haber cycle predicts the net reaction energy for
surface. Alternately, the presence of the metal may serve to acetic acid deprotonation on the Cu(llQ) su_rface M‘E@‘_H
screen the charged transition state in much the same way as~ 4’ kJ/mol. In other words, the reaction is exothermic and

water screens and stabilizes the carboxylate anions producedi¢cording to Hammond's postulate would be reactant-like,
by acid deprotonation in the aqueous phase. The charge®Ccurming early in the reaction coordinate. To relate this analysis

separation in the transition state is, however, consistent with ©f the deprotonation energetics of acetic acid on the Cu(110)
the view based on the work function and XPS results that the Surface to those of the fluorinated acids on the Cu(100) surface

product carboxylate on the Cu(100) surface should be considered’® Must consider the effects of fluorination on each of the
anionic. relevant elementary steps of the Bettdaber cycle. Fluorination

All four fluorinated acids studied in this work deprotonate ©f €thanol has been shown to lower the desorption energy from

spontaneously on the Cu(100) surface at temperatures in thé!® '?‘19(110) and C}u(ll%) iurfaces slightly.butfnot shufficier;tly
range 156-300 K. The values ofAEé,H measured at high to change the sign of the net energetics for the surface

. e o e
coverages of the fluorinated acids on Cu(100) fall in the range deprotonation reactiof Slmllar_ly, fIl_Jorlnatlon of acetic acid .

y . has been shown to have very little influence on the energetics
AEg = 85-90 kJ/mol and are similar to the value of

o fh lytic O—H bond cl in th h&8é70n th
AE%_H = 106 kJ/mol reported by Lee et al. for acetic acid on 0! NOmOyic onc cleavage Ity 'ne gas p nme

) . . i g other hand, if the product carboxylates are anionic on the Cu
11 !
Cu(110) Our linear free energy relationship depicted in Figure surfaces, then fluorination ought to stabilize the product

12 predicts a value cmEé,H = 94 kJ/mol for acetic acid on  gjgnificantly with respect to the reactant and render deproto-
the Cu(100) surface at high coverage. The principal difference nyation of the fluorinated acids even more exothermic than for
between the results on the Cu(100) and Cu(110) surfaces is thatcetic acid. This is analogous to the fact that fluorination of
the low coverage values &E¢, ,, differ substantially. Onthe  the acetic acids reduces the gas-phase heat of deprotonation
Cu(110) surface the value afEf_, for acetic acid is very  substantially5-27 Thus all indications are that carboxylic acid
coverage dependent and drops fra@§,_,, = 106 kd/mol to deprotonation on the Cu(100) surface is exothermic and
AEé,H = 37.6 kJ/mol at low coverage. The coverage depen- suggests, in accordance with Hammond’s postulate and our
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