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ABSTRACT: Ligand exchange reactions at nanoparticle sur-
faces are critical to the formation and function of nanomateri-
als. The kinetics of surface ligand exchange derive from a com-
bination of factors related to local binding site structure and 
the surface reaction environment. Here, we isolate the contri-
butions of the surface reaction environment by comparing the 
ligand exchange kinetics of a carbon nanoparticle binding site 
to that of a molecular analog with identical binding site struc-
ture. Specifically, we synthesize a graphite-conjugated pseudo-
octahedral ruthenium complex, GCC-Ru, bearing a single ex-
changeable phosphine ligand and compare its kinetics of ligand 
exchange to that of the identical molecular Ru complex. Using a 
combination of spectroscopies, we establish common molecu-
lar coordination environments and oxidation states for GCC-Ru 
and the molecular analog and use 19F-NMR to interrogate the 
kinetics and mechanism of ligand exchange. We find that sur-
face conjugation results in a two- to three-fold rate enhance-
ment which derives from compensating changes to ΔH‡ and ΔS‡ 
for a common dissociative mechanistic pathway. Based on 
these data, we develop a model that explains these changes to 
the activation parameters through charge screening by the car-
bon and its impact on the local solvent environment at the sur-
face binding site. This work highlights the key role of the sol-
vent environment at a conductive surface in facilitating ligand 
exchange reactions. 

Introduction 

Ligand exchange reactions on the surfaces of nanomaterials are 
critical elementary steps in thermal and electrochemical heter-
ogeneous catalysis1-3 and are essential for controlling the 
growth,4-6 morphology7-9 and photoluminescent properties10-15 
of nanoparticles.16-18 However, molecular-level insights into 
surface ligand exchange reactions on nanomaterials are limited 
for the following reasons: First, the structure of each surface 
binding site is often unknown and there invariably exists a mul-
titude of different ligand binding sites with varying local coor-
dination environments and electronic structures.19-28 Second, 
ligand exchange at nanomaterials is strongly influenced by the 
secondary environment beyond the binding site itself. In par-
ticular, ligand exchange reactions on nanoparticles display 
strong dependence on lateral interactions with adjacent 

ligands,29,30 the charge state of the surface,17 the size of the na-
noparticle core,27,30-32 the identity of the solvent,33 and the 
presence of other (un)bound ligands which can promote ex-
change.24-26,34,35 The centrality of ligand exchange reactions for 
the formation, manipulation and the ultimate reactivity of na-
noparticle surfaces motivates the development of precise strat-
egies for disentangling the contributions from the local struc-
ture and environment on the kinetics of surface ligand ex-
change reactions. 

In principle, one could disentangle the local structure and envi-
ronmental effects for surface ligand exchange reactions if one 
could compare the reactivity of the surface site to that of a dis-
crete molecular species of identical local structure. Unfortu-
nately, for most materials, it is difficult, if not impossible to con-
struct a molecular site that faithfully reproduces the local 
structures of the binding sites on extended solids (Figure 1, 
top).36 In this respect, an alternative paradigm is to link a mo-
lecularly well-defined surface site for ligand exchange onto an 
otherwise inert nanomaterial and compare its ligand exchange 
reactivity to that of a discrete molecular analog of identical lo-
cal structure (Figure 1, bottom). The success of this strategy de-
pends critically on the nature of the linkage. For linkages that 
provide negligible electronic interaction between the solid and 
the appended sites, the environment of the appended site is ex-
pected to be distinct from that of the surface. Instead, under-
standing surface ligand exchange using a bottom-up approach 
requires a strategy for integrating the appended site into the 
surface.  

We have shown that discrete molecules can be incorporated 
into carbon surfaces through linkages that confer strong elec-
tronic coupling with the solid. Specifically, we demonstrated 
that conjugating molecular active sites to graphitic carbon sur-
faces through pyrazine linkages affords a high degree of elec-
tronic communication between the molecular site and the car-
bon host.37,38 We refer to these materials collectively as graph-
ite-conjugated catalysts (GCCs).37-43 We have shown that the 
electronic coupling afforded by this linkage makes the molecu-
lar site behave as part of the material, rather than merely ap-
pended to it.37-43 We envisioned that this platform would be an 
ideal model system for rigorously isolating the role of the sur-
face reaction environment in contributing to the kinetics of sur-
face ligand exchange. 



 

 

Figure 1. Top: Simplified cartoon of nanoparticle ligand (L) 
binding site and the inaccessible molecular analog of identical 
structure.  Bottom: Simplified cartoon of a graphite-conjugated 
heterogeneous binding site and the corresponding molecular 
analog of identical structure that is synthetically accessible. 

Leveraging the unique behavior of GCCs, we sought to isolate 
the role of the surface environment in impacting the activation 
metrics for a simple dissociative ligand exchange reaction. 
Herein, we synthesize a graphite-conjugated pseudo-octahe-
dral ruthenium complex bearing a single exchangeable phos-
phine ligand and compare its kinetics of ligand exchange to that 
of the identical molecular Ru complex. We establish common 
molecular coordination environments and oxidation states for 
the GCC and molecular analog and use 19F-NMR to interrogate 
the kinetics and mechanism of ligand exchange. We demon-
strate that heterogenization results in a two- to three-fold rate 
enhancement which derives from compensating changes to 
ΔH‡ and ΔS‡. Finally, we present a model that rationalizes these 
changes to the activation parameters through charge screening 
by the support and its impact on the local solvent environment 
at the surface. 

Results and Discussion. 

Synthesis and characterization 

The soluble complex and the diamine surface functionalization 
precursors were synthesized by treating a solution of [Cp(η6-
naph)Ru](PF6) (naph = naphthalene) in dimethylformamide 
with tris(p-fluorophenyl)phosphine (PArF3) and the corre-
sponding bis(imine) ligand (dipyrido[3,2-a:2′,3′-c]phenazine 
(dppz) or 5,6-diamino-1,10-phenanthroline (phenda)). The 
product complexes, [CpRu(dppz)PArF3]+ and 
[CpRu(phenda)PArF3]+, were cleanly isolated from these mix-
tures as the PF6− salts (Scheme 1a, see Supplemental Infor-
mation (SI) for details). To access the graphite-conjugated spe-
cies, high surface area carbon powder or pre-anodized glassy 
carbon plates were treated with [CpRu(phenda)PArF3]+ in 
DMSO at 60 °C (Scheme 1b, See SI for details). The resulting ma-
terial is referred to as GCC-Ru. In general, we have found that 
the surface functionalization chemistry proceeds similarly on 
both the anodized glassy carbon electrodes and high surface 
area Monarch carbon powders.41 The former provide access to 
facile characterization by XPS and electrochemistry whereas 
the latter provides a high volumetric density of active sites 

ideally suited to XAS characterization and quantitative ligand 
exchange kinetic studies.  

The high surface area carbon powder GCC-Ru samples used for 
ligand exchange studies consists of carbon nanoparticles. 
Transmission electron microscopy (TEM) reveals that GCC-Ru 
consists of ~20 nm particles that aggregate under the TEM con-
ditions (Figure S1, left). To probe the size of the particles in so-
lution under conditions relevant to our ligand exchange reac-
tions, we collected dynamic light scattering (DLS) measure-
ments on GCC-Ru in DMSO, the solvent used for the ligand ex-
change reactions. The DLS data reveal GCC-Ru consists of par-
ticles with an average hydrodynamic radius of 64 nm with 8 % 
polydispersity (Figure S1, right). Together, the TEM and DLS 
data indicate that GCC-Ru consists of a relatively uniform pop-
ulation of carbon nanoparticles. 

Scheme 1. Synthesis of complexes and surface function-
alization procedure. 

 

 

Cyclic voltammetry on functionalized glassy carbon plate elec-
trodes evinces formation of the pyrazine linkage under func-
tionalization conditions. This linkage undergoes a two-proton, 
two-electron redox process in aqueous media37-43. The appear-
ance of new redox features in the cyclic voltammogram of a 
functionalized electrode reveals formation of the surface pyra-
zine (Figure S2). Indeed, we observe a feature centered at 
−0.024 V vs the reversible hydrogen electrode, consistent with 
previous literature values for this linkage.37-43 Thus, the func-
tionalization procedure results in the formation of the pyrazine 
linkage necessary to engender strong electronic coupling to the 
Ru center. 

X-ray photoelectron spectroscopy (XPS) reveals incorporation 
of the molecular complex into the surface. The survey spectrum 
of GCC-Ru functionalized on carbon plates shows the appear-
ance of features corresponding to N 1s, F 1s, P 2p, and Ru 3p 
transitions that are absent for unfunctionalized carbon (Figure 
S3). High-resolution scans of the N 1s region (Figure 2) reveal 
a feature that deconvolves into two peaks centered at 399.5 eV 
and 398.3 eV with an integration ratio of ~1:1. These peaks are 
in line with those expected for metal-bound pyridinic and py-
razinic nitrogen environments.37,41,44 Integration of the N 1s 
peak manifold against the Ru 3p3/2 feature yields a N:Ru ratio 
of 5:1, close to the expected value of 4:1. Surprisingly, high-res-
olution scans reveal only one F 1s peak at 686.9 eV and a single 
P 2p doublet at 131.7 and 130.8 eV, consistent with expected 
values for a metal bound phosphine but not for PF6−.45,46 The 
integration of these peaks yields a F:P ratio of 4:1, indicating 
that the expected ratio of 3:1 in PArF3 is retained, but that the 
surface contains no detectable PF6− ions. We hypothesize that 



 

the surface compensates for the loss of PF6− via deprotonation 
of surface hydroxyl or carboxyl groups or that the PF6− is ex-
changed for soluble anions undetectable over the background 
signal by XPS (i.e. OH−, EtO−). These elemental ratios revealed 
by XPS are consistent with incorporation of the 
[CpRu(dppz)PArF3]+ fragment into the surface. 

Since the functionalization conditions are similar to those used 
for ligand exchange studies, we assessed the degree of reten-
tion of the PArF3 on the Ru sites. While we observe substantial 
PArF3 exchange on the GCC-Ru plates (see SI for details) we ob-
serve good retention of PArF3 on the GCC-Ru powders used for 
kinetic studies below. Bulk elemental analyses of the high sur-
face area GCC-Ru powder samples reveal an N:F ratio of 1.4 ± 
0.4 and a Ru:P ratio of 1 ± 0.2, in good agreement with the ex-
pected ratios for incorporation of the [CpRu(dppz)PArF3]+ frag-
ment onto the surface and consistent with retention of PArF3 at 
a majority of Ru sites (see Table S1 for analysis of all samples). 
However, due to the error in the elemental analysis data we 
cannot exclude a minor population of exchanged sites on the 
high surface area GCC-Ru samples. Together, the XPS and bulk 
elemental analysis data indicate that GCC-Ru predominantly 
contains PArF3-bound Ru sites. 

 

Figure 2. High resolution XPS spectra of GCC-Ru. Gray dots are 
the measured data while black lines are the fit background and 
peak manifolds. Where more than one peak is fit to the mani-
fold, the constituent peaks are shown in red. 

As ligand substitution rates are dependent on oxidation state 
of the metal center,47-49 we used X-ray absorption near edge 
structure (XANES) and electron paramagnetic resonance (EPR) 
spectroscopies to determine the Ru oxidation state in GCC-Ru. 
The position of the rising edge in the XANES region provides a 
direct measure of oxidation state.50 The Ru K-edge spectrum of 
the molecular reference [CpRu(dppz)PArF3]+ shows a rising 
edge with an inflection point at 22123.3 eV whereas the GCC-
Ru spectrum shows a 0.3 eV blue shift to 22123.6 eV (Figure 
S4) which is also preserved following ligand exchange (Figure 
S4). In general, Ru(II) to Ru(III) oxidation leads to a 1–2 eV blue 
shift in the edge inflection point,37,51 which is much larger than 
the shift observed for GCC-Ru. This attenuated blue shift could 
indicate the presence of a minor population of formally oxi-
dized Ru(III) sites giving rise to a slightly shifted average signal. 
To investigate this possibility, we collected EPR spectra to 
probe the ensemble of Ru oxidation states since oxidation to 

Ru3+ generates a d5 electronic configuration which would be ex-
pected to be EPR active. The EPR spectrum of GCC-Ru shows 
only one feature with a g value of 2.005, consistent with the 
measured value of 2.005 for the unpaired spin density found in 
graphitic carbons (Figure S5). Thus, we conclude that the ma-
jority population of GCC-Ru remains Ru2+ upon conjugation. 
Thus, we attribute the 0.3 eV shift in the XANES inflection as 
indicative of increase in partial positive charge on each Ru cen-
ter in GCC-Ru induced by, perhaps, the lower LUMO level of the 
conjugated phen ligand.  

Extended X-ray absorption fine structure (EXAFS) reveals the 
retention of the coordination environment of GCC-Ru upon 
conjugation. EXAFS results from the scattering of photoelec-
trons off nearby atoms to provide a fingerprint for the coordi-
nation environment about the metal center. Comparison of the 
EXAFS spectrum for high surface area carbon powder GCC-Ru 
(Figure 3, red) with that of [CpRu(dppz)PArF3]+ (Figure 3, blue) 
reveals a slight decrease in intensity of the R-space peak at 
1.66 Å. This small change in the spectrum is consistent with the 
slight loss of PArF3 indicated by the elemental analysis. Minor-
ity exchange of PArF3 (see above) for a light atom donor of a 
solvent molecule would give rise to a less intense first scatter-
ing peak. Nonetheless, the EXAFS data in tandem with the XPS 
and bulk elemental analysis results are consistent with pre-
dominant retention of the coordination environment upon 
functionalization. 

To ensure that the ligand exchange procedure does not result 
in decomposition of the GCC-Ru sites, post-mortem analysis 
was also performed on the carbon powders following ligand ex-
change for 130 hours at 110 °C (See SI for details). The ex-
changed GCC-Ru EXAFS spectrum (Figure 3, dashed black) is 
nearly identical with that of [CpRu(dppz)PArF3]+ (Figure 3, 
blue). Thus, we conclude that the ligand exchange process on 
the surface results in clean conversion of all GCC-Ru sites to a 
phosphine-bound species and no substantial decomposition of 
GCC-Ru occurs under the examined conditions. 

 

Figure 3. EXAFS spectra of [CpRu(dppz)PArF3]+ (blue), GCC-Ru 
(red) and post-exchange GCC-Ru after 130 hours of phosphine 
exchange at 110 °C (black, dashed). 

Kinetic Measurement of Phosphine Exchange  

Scheme 2. Ligand exchange reactions. 



 

 

Scheme 2. Ligand exchange reactions on the molecular (top) 
and heterogeneous GCC-Ru (bottom) complexes. For both, the 
F atoms observable by 19F-NMR and tracked for kinetic meas-
urements are highlighted in orange.  

The rate of exchange of PArF3 for PPh3 on the molecular com-
plexes was monitored via 19F-NMR (Scheme 2). 1H-NMR is not 
amenable to this analysis because the proton resonances on the 
complex do not shift enough upon phosphine exchange to inte-
grate cleanly. Furthermore, addition of large excesses of the in-
coming PPh3 ligand overwhelms any other signals in the aro-
matic region. Though four distinct resonances for free and com-
plexed PArF3 and PPh3 are observed in 31P-NMR, this technique 
is not amenable to monitoring the ligand exchange due to the 
relatively low NMR sensitivity for the 31P nucleus. Indeed, we 
can observe peaks corresponding to free PArF3 in the 19F-NMR 
spectra at the earliest time points of the ligand exchange reac-
tion but the corresponding peaks in the 31P-NMR spectra are 
not significantly above background until after the ligand ex-
change reaction has progressed for many hours. Over the 
course of the reaction, we observe a decrease in intensity of the 
19F signal for [CpRu(dppz)PArF3]+ at −109.9 ppm and the 
growth of a peak at −111.8 ppm that corresponds to the free 
PArF3 (Figure 4, top). Integration of these features allows the 
construction of half-lives vs time plots which indicate first or-
der behavior (Figure 4, bottom). We extract k and t1/2 from the 
slopes of linear fits to these plots.  

The rate of exchange on the heterogeneous GCC-Ru complexes 
was also monitored via 19F-NMR (Scheme 2). 1H- and 31P-NMR 
are not informative due to the presence of excess PPh3 and the 
low sensitivity to the 31P nucleus (Figure S6). In brief, we col-
lected aliquots from a stirred suspension of the GCC-Ru powder 
in DMSO containing excess PPh3. The amount of liberated PArF3 
was quantified against an internal standard of KPF6 via 19F-
NMR (see SI for details). Although a minority of sites on the sur-
face may undergo exchange during functionalization, this pro-
cedure of monitoring the liberated PArF3 allows us to exclude 
convolution from that possible subpopulation. Over the course 
of the reaction, we observe the growth of a peak at −111.8 ppm 
that corresponds to the free PArF3 as well as a peak at −106.9 
ppm that corresponds to OPArF3 which results from carbon-
mediated O-atom transfer from DMSO during the reaction as 
discussed below (Figure 5, top). To construct half-lives vs time 
plots (Figure 5, bottom), we summed the integration of both 
features to account for all liberated PArF3. As for the molecular 
complex, these plots indicate first order kinetics and linear fits 
to these data yield k and t1/2.   

 

 

Figure 4. Representative 19F-NMR spectral region of interest 
for the ligand exchange reaction at 120 °C for the molecular 
complex (top) and the corresponding half-lives versus time 
plot showing the reaction progress (bottom). The correspond-
ing full spectra are given in the SI. 



 

 

Figure 5. Representative 19F-NMR spectral region of interest 
for the ligand exchange reaction at 120 °C for GCC-Ru (top) and 
the corresponding half-lives versus time plot showing the reac-
tion progress (bottom). The corresponding full spectra are 
given in the SI. 

Scheme 3. Dissociative mechanisms 

 

Ligand exchange on [CpRu(dppz)PArF3]+ proceeds through a 
dissociative mechanism (Scheme 3a). [CpRu(dppz)PArF3]+ ex-
hibits zero-order dependence on the concentration of the in-
coming PPh3 ligand (Figure 6, top) over a large range of [PPh3], 
from 0.009 to 0.48 M. Even at low [PPh3] (0.5 equivalents, ca. 
10−2 M), the rate constant shows no dependence on [PPh3], 
consistent with a dissociative ligand exchange mechanism.47,49 
An alternative mechanistic possibility that must be considered 
is a dissociative interchange mechanism in which outer-sphere 
pre-association between [CpRu(dppz)PArF3]+ and PPh3 is fol-
lowed by rate limiting interchange substitution (Scheme 

3b).47,48 This interchange mechanism gives rise to the following 
expression for kobs:52 

𝑘𝑜𝑏𝑠 =  
𝑘𝑓𝐾𝑎[𝑃𝑃ℎ3]

1 +  𝐾𝑎[𝑃𝑃ℎ3]
 (1) 

which limits to a zero order dependence on [PPh3] when 
Ka[PPh3] is much greater than 1. The observed zero order de-
pendence in [PPh3] even at 10−2 M PPh3 necessitates an outer-
sphere association constant, Ka, on the order of 104 M−1. While 
electrostatic interactions lead to pre-association constants of 
101-104 for ion pairs in DMSO,53 these values are out of the 
range for the cation-neutral pre-association that would be re-
quired for interchanges substitution in this system. Thus, the 
observed zero order dependence of [PPh3] is most consistent 
with a simple dissociate substitution mechanism with follow-
ing rate law:47,48 

𝑟𝑎𝑡𝑒 = 𝑘[𝐶𝑝𝑅𝑢(𝑑𝑝𝑝𝑧)𝑃𝐴𝑟3
𝐹𝑃𝐹6] (2) 

Additionally, relaxed coordinate scans at the ωB97X-D3/def2-
TZVPP54 level of theory from 2.4 to 7.4 Å for the dissociation of 
the phosphine ligand from [CpRu(dppz)PArF3]+ indicate an ex-
tremely late transition state for the cleavage of the Ru–P bond 
(Figure S7), consistent with a dissociative mechanism. To-
gether, the experimental and computational data support a dis-
sociative mechanism involving rate-limiting Ru–P bond cleav-
age. 

 



 

Figure 6. Reaction order plots for the dependence of the ligand 
exchange rate constants on [PPh3] for the molecular complex 
(top) and GCC-Ru (bottom). The error bars on the bottom plot 
correspond to the total variation in [PPh3] during the ligand ex-
change reaction on GCC-Ru. 

Order data also points to dissociative ligand substitution for 
GCC-Ru. The rate of exchange for GCC-Ru also exhibits zero-or-
der dependence on the initial [PPh3] over the range 0.071 to 
0.297 M. We note that the substitution reaction occurs concur-
rently with background conversion of PPh3 to OPPh3. This 
background reactivity also results in conversion of free PArF3 
to OPArF3, as observed in the 19F-NMR spectra of the GCC-Ru 
ligand exchange reaction (Figure 5). This side reaction occurs 
at a similar rate as ligand exchange and approaches pseudo-
equilibrium during the time course of ligand exchange (Figure 
S8). Importantly, conversion of PPh3 to OPPh3 was observed 
even after exhaustive removal of trace O2 (See SI for details) 
and is instead attributed to carbon-mediated background O-
atom transfer from DMSO to PPh3. Control experiments reveal 
that unfunctionalized carbon catalyzes O-atom transfer from 
DMSO to PPh3 with concurrent formation of dimethyl sulfide 
observed by GC-MS and NMR (Figure S9 and S10). To account 
for this background reaction, we determined the order by using 
the average [PPh3] measured during the course of ligand ex-
change reaction and denote the overall variation in [PPh3] dur-
ing the reaction with error bars in the bottom panel of Figure 
6. Despite this variation, over the range 0.043 to 0.263 M, we 
still observe zero-order dependence on PPh3. Given the lower 
limit of this range, a dissociative interchange mechanism for 
GCC-Ru requires Ka on the order of 103 M−1, which is well above 

the range expected for interaction of a cation with a neutral 
species.53 Therefore, the observed order in [PPh3] for GCC-Ru 
is most consistent with a simple dissociative mechanism. To-
gether the above kinetic analysis suggests that both GCC-Ru 
and the Ru molecule undergo a dissociative substitution mech-
anism with rate-limiting cleavage of the Ru–P bond.  

Model for rate and activation metric differences 

The above spectroscopic and kinetic data indicate that GCC-Ru 
and the molecular analog consist of identical local structures 
with common substitution mechanisms. Thus, this comparison 
provides an ideal platform for isolating the impact of the inter-
facial local environment beyond the binding site on the kinetics 
of ligand exchange.  

We find that GCC-Ru exhibits a two- to three-fold greater ligand 
exchange rate than the Ru molecule. The rate constants and 
half-lives for each complex as a function of temperature are re-
ported in Table 1 and Table 2, respectively. The change in lig-
and electronics that derives from access to the much larger pi-
manifold upon conjugation may influence the observed rate 
difference. To probe the impact of changing the size of the pi-
manifold of the bis(imine) ligand, we also examined the rate of 
exchange on [CpRu(phen)PArF3]+ (see SI for synthetic details). 
Both [CpRu(phen)PArF3]+ and [CpRu(dppz)PArF3]+ exhibit sim-
ilar ligand exchange rates, within a factor of 0.8 and 1.3 de-
pending on temperature (Tables S2 and S3, Figure S11). The 
minimal difference in exchange rates between these two mo-
lecular species suggest that the size of the pi-manifold of the 
bis(imine) ligand cannot solely account for the majority of the 
rate enhancement for GCC-Ru. 

Table 1.  Summary of rate constants for ligand exchange reactions

Compound k s−1 x 10−8 

(80 °C) 

k s−1 x 10−8 

(90 °C) 

k −1 x 10−8 

(100 °C) 

k −1 x 10−8 

(110 °C) 

k −1 x 10−8 

(120 °C) 

GCC-Ru N/Aa 22 ± 1 80 ± 10 290 ± 20 900 ± 300 

[CpRu(dppz)PArF3]+ 2.45 ± 0.05  8.92 ± 0.09  30.6 ± 0.7  106 ± 2  250 ± 10 

a Useful data not obtained, conversion yielded too low [PArF3]free to integrate reliably. 

Table 2. Summary of half-lives for ligand exchange reactions 

Compound t1/2 h 

(80 °C) 

t1/2 h 

(90 °C) 

t1/2 h 

(100 °C) 

t1/2 h 

(110 °C) 

t1/2 h 

(120 °C) 

GCC-Ru N/Aa 897 ± 43 259 ± 47 66 ± 4 25 ± 7 

[CpRu(dppz)PArF3]+ 7865 ± 144 2158 ± 23 631 ± 14 182 ± 5 78 ± 3 

a Useful data not obtained, conversion yielded too low [PArF3]free to integrate reliably. 

Table 3. Activation metrics of ligand exchange. 

Compound ΔH‡  

kcal 
mol−1 

ΔS‡ 

cal 
mol−1K−1 

ΔG‡ at 120 
°C  

kcal 
mol−1 

[CpRu(dppz)PArF3]+ 32.3 ± 
0.7 

−2 ± 2 33.2 ± 1 

GCC-Ru 35.1 ± 
0.5 

7 ± 1 32.3 ± 
0.6 

Temperature dependent measurements of k reveal differences 
in the reaction activation parameters between the molecule 
and GCC-Ru. The enthalpies of activation, ΔH‡, were extracted 
from the slopes of Eyring plots of data collected from 80 to 120 
°C (Figure 7, Figures S12-S22). [CpRu(dppz)PArF3]+ displays a 

ΔH‡ of 32.3 ± 0.7 kcal mol−1 whereas GCC-Ru displays a ~3 
kcal/mol larger value of 35.1 ± 0.5 kcal mol−1 (Table 3). As ex-
pected for dissociative substitution reaction in general, both 
complexes show large positive ΔH‡ values that correspond pre-
dominantly to the enthalpy of Ru–P bond cleavage.55-57 Thus, 
the increased ΔH‡ for the GCC-Ru relative to the molecular an-
alog implies surface conjugation slightly increases the Ru–P 
bond strength. This stronger bond is attributed to a slightly 
more electropositive Ru center in GCC-Ru, as indicated by the 
blue-shift in the Ru K-edge spectrum of GCC-Ru relative to 
[CpRu(dppz)PArF3]+, see above. Despite the stronger Ru–P 
bond, GCC-Ru still displays a faster ligand exchange rate. 

Given the enthalpically stronger Ru–P bond in GCC-Ru, the rate 
enhancement must result from entropic contributions. The en-
tropy of activation for each complex was determined from the 
intercepts of the Eyring plots of the rate data for GCC-Ru and 



 

[CpRu(dppz)PArF3]+ (Figure 7, Figures S12-S22). ΔS‡ for 
[CpRu(dppz)PArF3]+ is −2 ± 2 cal mol−1K−1 (Table 3). Since the 
determination of accurate entropy values from the extrapola-
tion of linear fit lines is challenging, we measured each data 
point at least in triplicate and the error bars on the reported 
entropy values derive from a linear regression that propagates 
the error from each data point. Though unusual, small negative 
values of ΔS‡ for dissociative exchange reactions have prece-
dent.58-61 We attribute this small negative value for the Ru mol-
ecule to perturbations to the solvation shell that occur as the 
Ru–P bond lengthens into the transition state. Importantly, this 
Ru complex bears an overall positive charge which orients 
DMSO dipoles.62 As the Ru–P bond lengthens, the volume of the 
complex increases,63 which necessitates more DMSO molecules 
to enter the solvation shell (Figure 8, top). This increased sol-
vent ordering is sufficient to counteract the favorable entropy 
change associated with Ru–P bond extension,47,49 leading to a 
slightly negative entropy in aggregate. Indeed, for neutral Ru 
half-sandwich complexes in non-polar media, where these sol-
vent ordering effects are expected to be minimal, the reactions 
display the expected large positive ΔS‡ values.55 

In contrast to the slightly negative activation entropy for the Ru 
molecule, GCC-Ru exhibits a positive ΔS‡ of 7 ± 1 cal mol−1K−1 
(Table 3). This value is slightly lower than typical for dissocia-
tive ligand exchange reactions54 but is significantly higher and 
of opposite sign to that for [CpRu(dppz)PArF3]+. Given that the 
slightly negative activation entropy for the molecule is at-
tributed to solvent ordering in the transition state, we attribute 
the higher ΔS‡ for GCC-Ru to differential solvation environ-
ments for the surface bound site relative to the discrete mole-
cule. In particular, the mobile free carriers in the carbon64 ren-
der it highly polarizable and, therefore, able to screen the local 
positive charge of the molecular site. Since the Ru fragment and 
the carbon are inherently co-solvated,37 the polarizability of 
the carbon serves to distribute the charge of the appended mo-
lecular site over the carbon host (Figure 8, bottom) and re-
spond to changes in the local charge at that site along the reac-
tion coordinate. We posit that this effect increases the activa-
tion entropy by reducing the requirement for DMSO solvent or-
dering as the activation volume increases during Ru–P bond ex-
tension in the transition state (Figure 8, bottom). This increase 
in activation entropy fosters faster ligand exchange. Indeed, the 
charge density of s-block metals correlates inversely with their 
water exchange rates47 and the surface charge density of polar-
ized electrodes inversely correlates with the rate of solvent ex-
change.65 Together, the above discussion emphasizes the role 
of the conductive carbon in altering the activation entropy for 
surface ligand exchange reactions. 

 

Figure 7. Eyring plot for exchange of PArF3 for PPh3 on GCC-Ru 
(red) and [CpRu(dppz)PArF3]+ (blue). Error bars (black) repre-
sent the standard error from measurements of at least 3 trials 
per point. The best fit line derives from a linear regression that 
incorporates the error at each point. 

The above discussion highlights that, although conjugation 
serves to increase the Ru–P bond strength and the correspond-
ing ΔH‡, the enhanced solvating properties of the carbon pro-
vide for an increased ΔS‡ that more than offsets the change in 
Ru–P bond strength. These two compensating effects lead to a 
very slight decrease in ΔG‡ from 33.2 ± 1 kcal mol−1 for the Ru 
molecule to and 32.3 ± 0.6 kcal mol−1 for GCC-Ru at 120 °C (Ta-
ble 3). This small difference is consistent with the observed 
two- to three-fold rate enhancement observed for GCC-Ru and 
results from countervailing changes to entropies and en-
thalpies of activation. 

 
Figure 8. Cartoon comparing ligand exchange for the molecular 
and surface exchange reactions. 

Conclusion 

We report a model system that enables the direct comparison 
of the activation parameters for a dissociative ligand exchange 
reaction proceeding at molecular and surface sites of identical 
local structure. This system has allowed us, for the first time, to 
isolate the role of the surface on the enthalpic and entropic con-
tributions to the reaction barrier for ligand exchange. The sur-
face species, GCC-Ru, has a higher ΔH‡, consistent with a more 



 

electropositive Ru center. Despite the stronger Ru–P bond, we 
observe faster ligand exchange rates for the surface species 
than for the molecular analog. The rate enhancement derives 
from a more positive ΔS‡ for the surface species that we attrib-
ute to more effective charge screening by the surface. Since the 
band structure of the carbon and the molecule structure of the 
appended site can be tuned independently, the GCC platform 
provides an ideal model system to probe the factors which gov-
ern the entropic and enthalpic contributions of exchange kinet-
ics, thereby providing a path towards the rational understand-
ing of ligand exchange processes on nanomaterials. 
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