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The Minor Impact of Ligand Shell Steric Profile on Colloidal 
Nanocarbon Catalysis 
Sterling  B.  Chu,  Tomohiro  Fukushima†,  and  Yogesh  Surendranath*  

Department  of  Chemistry,  Massachusetts  Institute  of  Technology,  77  Massachusetts  Avenue,  Cambridge,  Massa-­‐
chusetts  02139  

ABSTRACT:  The  catalytic  activity  of  a  colloidal  nanoparticle  is  typically  inhibited  by  the  very  capping  agents  that  are  re-­‐
quired  to  maintain  colloidal  stability  and  catalyst  dispersion.  However,  the  relative  importance  of  steric  contributions  to  
the  observed  attenuation  in  catalytic  activity  is  poorly  understood.  Herein,  we  prepare  colloidal  graphitic  carbon  nanopar-­‐
ticles  featuring  covalent  amide  linkages  to  aliphatic  surface  capping  agents  of  varying  length.  Using  aerobic  benzylamine  
oxidation  as  a  test  reaction,  we  find  that  the  steric  profile  of  the  ligand  shell  plays  a  negligible  role  in  suppressing  catalytic  
activity  relative  to  chemisorption  interactions  that  alter  the  surface  chemistry  of  the  catalyst.  The  work  suggests  that  het-­‐
erostructured  nanoparticles  that  provide  distinct  surface  sites  for  ligand  binding  and  substrate  activation  should  allow  for  
high   colloidal   stability   and   robust   catalytic   activity.

Colloidal   nanoparticles   are   a   diverse   class   of  materials  
that   have   found   numerous   applications   in   areas   such   as  
biological   sensing,1,2   optoelectronics,3,4   and   energy   con-­‐
version.5,6   The   high   surface-­‐area-­‐to-­‐volume   ratio   of   na-­‐
nomaterials   makes   them   particularly   attractive   for   cata-­‐
lytic   applications   as   well.   In   this   regard,   colloidal   nano-­‐
particles   could   serve   as   a   valuable   bridge  between   tradi-­‐
tional  heterogeneous  catalysis  at  extended  solids  and  ho-­‐
mogenous   catalysis   by   small   molecules.7   In   addition   to  
displaying  electronic  structures  that   lie   in  between  those  
of   discrete   molecules   and   bulk   extended   solids,8,9   when  
dispersed   in  solution  as  stable  colloids,  nanoparticles  are  
free   to   diffuse,   allowing   for   rapid   mass   transport   and  
straightforward  measurement  and  modeling  of  the  kinet-­‐
ics  of  catalytic  reactions.10–12  

Despite   the  potential  promise  of   colloidal  nanomateri-­‐
als  in  connecting  homogeneous  and  heterogeneous  catal-­‐
ysis,  the  broad  application  of  nanocolloids  in  catalysis  has  
been   impeded  by   their   generally  poor   activity.  The   cata-­‐
lytic   inertness   of   most   colloidal   nanomaterials   has   pri-­‐
marily  been  attributed  to  the  capping  agents  that  are   in-­‐
variably   required   for   colloidal   stability.13–15   Currently,   the  
mechanisms  by  which  these  capping  agents  inhibit  cataly-­‐
sis  remain  largely  unknown,16,17  impeding  the  rational  de-­‐
sign  of  surface  modification  strategies  or  specialty  surfac-­‐
tants   that  confer  both  colloidal  stability  and   robust  cata-­‐
lytic  activity.    

Prototypical  capping  agents   typically  consist  of  a  polar  
head  group  that  binds  to  the  surface  and  a  long  aliphatic  
chain   that   provides   colloidal   stability   owing   to   its   high  
conformational  entropy.18  Thus,  the  capping  agents  could  
inhibit   catalysis   via   two   principal   mechanisms.   First,  
binding   of   the   head-­‐group   to   the   surface   may   serve   to  

poison  catalytic  active  sites.  Second,  the  ensemble  of  long  
aliphatic   chains  on   the   surface  may   serve   to   inhibit   sub-­‐
strate  access   to   surface  active   sites,   imposing  a   steric   re-­‐
striction  on   catalysis.  As   each  of   these  modes  of   catalyst  
deactivation  calls  for  different  remedies,  parsing  between  
these  steric  and  surface  poising  effects  is  essential  for  de-­‐
veloping  high-­‐performance  colloidal  nanocatalysts.  How-­‐
ever,   the   highly   dynamic   surface   chemistry   of   most   na-­‐
nomaterials19–21   makes   it   difficult,   if   not   impossible,   to  
dramatically   alter   the   structure   (e.g.   chain   length,   func-­‐
tional   groups)   of   the   capping   agent   without   simultane-­‐
ously   varying   other   key   attributes   of   the   material   (e.g.  
surface  ad-­‐atom  population,  particle  size,  exposed  facets,  
capping  agent  surface  density).    

To   unambiguously   parse   the   relative   contributions   of  
each  mechanism   to   the  observed  catalytic   activity  of   the  
nanomaterial,   we   exploit   the   covalent   surface   chemistry  
of   graphitic   carbon  nanomaterials.  Graphitic   carbon   sur-­‐
faces  contain  a  variety  of  oxidic  functional  groups,  includ-­‐
ing   quinones,   ketones,   phenols,   lactones,   and   carboxylic  
acids,22,23  which  display  well-­‐documented  and  orthogonal  
chemical   reactivity.   Herein,   we   utilize   classical   amide  
formation   reactions   to   install   capping   agents   of   varying  
chain  lengths  to  surface  carboxylic  acid  sites  on  Monarch  
1300  carbon  black.  This  surface  treatment  generates  stable  
colloids   that   remain   catalytically   active   for   the   aerobic  
oxidation  of  primary  amines.  Using  the  aerobic  oxidation  
of   benzylamine   to   N-­‐benzyl-­‐1-­‐phenylmethanimine   as   a  
test  reaction,  we  show  that  the  capping  ligand  length  neg-­‐
ligibly   impacts   the   rate   of   catalysis   suggesting   that,   for  
linear  aliphatic  ligands,  the  ligand  shell  imposes  minimal  
steric  encumbrance  on  colloidal  nanocatalysis.    
  



 

Scheme   1.   Native   carboxylic   acid   sites   on   graphitic   car-­‐
bon   nanoparticles   are   functionalized   using   primary  
amines   of   varying   chain   lengths   to   yield   dispersible   car-­‐
bon   nanocolloids.   The   image   on   the   right   shows   4   dis-­‐
persed  in  tetrahydrofuran.  

  
Colloidal  graphitic-­‐carbon  nanoparticles  were  prepared  

by   treating  dried  Monarch   1300   carbon  black   (1)   (Cabot)  
with   neat   thionyl   chloride   under   an   N2   atmosphere   fol-­‐
lowed   by   treatment   with   propylamine,   octylamine,   or  
oleylamine  in  chloroform  to  generate  colloidal  nanoparti-­‐
cles   2,   3,   and   4,   respectively   (Scheme   1).   The   resulting  
material   was   washed   exhaustively   via   Soxhlet   extraction  
with  ethanol  followed  by  dichloromethane.  The  resulting  
powders  were  dried  in  vacuo  to  furnish  the  functionalized  
graphitic-­‐carbon   nanoparticles   (see   SI   for   complete   syn-­‐
thetic  details).  Combustion  analysis  of  the  functionalized  
materials  reveals  an  increase  in  N  content  of  ~1  wt%  rela-­‐
tive   to   the   native  Monarch   1300   (Table   S1),   which   is   in  
line  with  the  incorporation  of  nitrogen  moieties  onto  the  
graphitic  carbon  surface.  Using  this  value,  along  with  the  
reported  BET  surface  area  of  Monarch  1300  of  530  m2  g−1,24  
we   estimate   similar   capping   agent   densities   of   0.9±0.1  
ligands  nm−2  for  materials  2,  3,  and  4  (see  SI  for  details  of  
surface   density   calculation).   Notably,   this   ligand   density  
is  comparable  to  the  surface  ligand  density  found  for  thio-­‐
late-­‐capped   gold   nanoparticles25   and   semiconductor  
nanocrystals,26,27   suggesting  that   the  steric  effects  probed  
here  are   relevant   to  a  wide  variety  of  nanomaterials.  To-­‐
gether,   the  data   establish   that   this   simple   synthetic  pro-­‐
cedure   generates   functionalized   graphitic   carbons   with  
similar  surface  coverages  of  capping  agents  irrespective  of  
their   aliphatic   chain   length.   This   ability   to   the   tune   the  
structure  of  the  capping  agent  without  altering  its  surface  
concentration   is   in   stark   contrast   to   what   has   been   ob-­‐
served   for  metal   and   semiconductor  nanocrystals,  where  
ligand  binding  equilibria   lead   to  higher   surface  densities  
for  shorter  chain  length  aliphatic  ligands.25  The  ability  to  
independently   control   these   parameters   enables   the   sys-­‐
tematic  studies  described  below.  

  
Figure   1.   Difference   infrared   spectra   (a)   of   modified  

graphitic   carbon   nanocolloids   versus   the   absorbance  
spectrum   of   native  Monarch   1300   (1).   Powder   X-­‐ray   dif-­‐
fraction  patterns  (b)  of  002  and  10l  reflections  of  1  (black)  
and  4  (blue).  Raman  spectra  (c)  of  1  (black),  2  (red),  and  4  
(blue)   recorded   with   532   nm   excitation.   Masses   of   1  
(black),  2   (red),  and  4   (blue)  that  remain  suspended  in  a  
variety   of   solvents   (d)   following   centrifugation   at   4000  
rpm  for  5  minutes.    

In  order  to  probe  the  surface  chemistry  of  the  resulting  
functionalized  material,  we  examined  all  samples  via  ATR  
infrared  spectroscopy  (Figures  1a  and  S1).  A  control  sam-­‐
ple   was   prepared   by   treating   1   with   thionyl   chloride   to  
install   acyl   chloride   surface   moieties   and   then   treating  
with  water  to  hydrolyze  these  groups,  thereby  regenerat-­‐
ing   the   surface   carboxylic   acid   groups.   This   sequence  
generates   sample  5,  which   is   expected   to  display  equiva-­‐
lent   surface   chemistry   to   the   unmodified   carbon,   1.   In-­‐
deed,  the  IR  difference  spectrum  between  1  and  5  shows  a  
featureless  background  between  1900  and  1500  cm−1  (Fig-­‐
ure   1a,  black),   indicating   that   the   thionyl  chloride   treat-­‐
ment  does  not  introduce  any  gross  changes  to  the  surface  
chemistry  of   the  carbon.  However,  difference  spectra  be-­‐
tween  2,  3,   and  4   (Figure   1a)   and   the  native  carbon  dis-­‐
play  a  broad  bleach  at  1710  cm−1,  suggesting  a   loss  of  car-­‐
boxylic  acid   functionalities.  Moreover,   the   functionalized  
materials  display  increased  IR  absorbance  at  1650  cm−1,  in  
line  with  the  installation  of  new  surface  amide  functional  
groups.28  While  we  cannot  unambiguously  rule  out  imine  
formation   reactions   on   the   surface,   these   data   nonethe-­‐
less   suggest   that   this   treatment   serves   to   transform   sur-­‐
face  carboxylate  moieties  into  amides,  thereby  covalently  
linking  the  capping  agent  to  the  carbon  surface.  

The   surface   ligation   protocol   employed   here   also   pre-­‐
serves   the  bulk   structure  of   the  carbon  material.  Powder  
X-­‐ray   diffraction   patterns   of   1   and   4   (Figure   1b)   reveal  
broad  reflections  corresponding  to  the  002  and  10l  planes  
of  graphite.30  Scherrer  analysis  of  the  broadening  in  these  
peaks   reveals   that   both  materials   display   crystalline   do-­‐
main  sizes  of  1.3  nm  for  the  out-­‐of-­‐plane  (002)  reflections  
and  3.6  nm  for  the  in-­‐plane  (10l)  reflections.  Defect  densi-­‐



 

ties   in   these  graphitic  carbon  nanoparticles  were   investi-­‐
gated   by   Raman   spectroscopy.31   Figure   1c   shows   the   G-­‐
band  (1580  cm−1)  and  D-­‐band  (1330  cm−1)  resonances  for  1,  
2,   and   4.   The   G-­‐band   arises   from   the   Raman-­‐active   E2g  
vibronic   mode   corresponding   to   in-­‐plane   vibrations,  
whereas  the  D-­‐band  arises  from  defects  or  disorder  in  the  
basal   planes.32,33   The   relative   intensity   (ID/IG)   of   these  
bands   for   all   of   the   carbon  materials   examined   here   re-­‐
mains   constant   (1.1±0.1),   indicating   that   this   synthetic  
method  does  not  dramatically   alter   the  defect  density  of  
the  bulk  material.  Together,  these  data  establish  that  sur-­‐
face  functionalization  does  not  dramatically  alter  the  bulk  
structure  of  the  graphitic  carbon  host.  

Surface   functionalization   of   graphitic-­‐carbon   nanopar-­‐
ticles   significantly   increases   their   colloidal   solubility   in  a  
variety  of  organic  solvents.  Colloidal  solubility  was  meas-­‐
ured  by  dispersing  particles  in  a  particular  solvent,  centri-­‐
fuging  at  4000  rpm  for  5  minutes,  and  then  evaporating  10  
mL  of  the  supernatant  to  determine  the  mass  of  the  sus-­‐
pended  colloids  (Figure  1d).  Consistent  with  the  general  
observation  for  colloidal  semiconductor  and  metal  nano-­‐
particles,   we   observe   that   longer   aliphatic   chain   lengths  
endow  the  material  with  greater  colloidal  solubility.  Fur-­‐
thermore,  measurements  of  the  hydrodynamic  radii  of  the  
suspended   carbon   colloids   by   dynamic   light   scattering  
reveal   a   tighter   distribution   for  4   (Figure   S2)   than   for   1  
(Figure   S3),   suggesting   better   dispersibility   and   greater  
resistance  to  agglomeration.  

Scheme  2.  Colloidal  carbon  catalyzed  aerobic  oxidation  
of  benzylamine  to  N-­‐benzyl-­‐1-­‐phenylmethanimine.  

  
The   aerobic   oxidation   of   benzylamine   to   N-­‐benzyl-­‐1-­‐

phenylmethanimine   serves   as   an   ideal   test   reaction   for  
examining  the  impact  of  capping  agent  structure  on  cata-­‐
lytic   rate.   Carbon   surfaces   are   known   to   be   populated  
with   surface   quinone   moieties,22,23   and   quinone-­‐based  
molecular   catalysts   are   known   to   mediate   the   aerobic  
oxidation  of  primary  amines  with  excellent  selectivity.34,35  
Similar   reactivity   has   also   been   reported   for   graphene  
oxide   catalysts,36   leading   us   to   postulate   that   graphitic  
carbon   colloids   could   also   mediate   this   conversion.   In-­‐
deed,  as-­‐received  Monarch  1300  catalyzes  the  aerobic  oxi-­‐
dation   of   benzylamine   with   selective   formation   of   N-­‐
benzyl-­‐1-­‐phenylmethanimine  (Scheme  2  and  Figure  S4).  
Importantly,   no   product   formation   was   observed   under  
anaerobic   conditions   (Figure   S5a)   or   in   the   absence   of  
the  carbon  catalyst  (Figure  S5b),  indicating  that  O2  is  the  
terminal  oxidant  and  that  the  carbon  surface  is  catalyzing  
the  transformation.  Molecular  oxygen  can  serve  as  a  two-­‐
electron   oxidant,   generating   H2O2,   or   as   a   four-­‐electron  
oxidant,   generating  H2O.  While  we   are   unable   to   detect  
any  H2O2  in  the  reaction  mixture  following  a  catalytic  run  
(Figure  S6),  we   cannot   rule   out   a  mechanistic   sequence  
that  initially  generates  H2O2  followed  by  rapid  dispropor-­‐
tionation   to  O2   and  H2O   under   the   reaction   conditions.  
Notably,   whereas  many  molecular   systems   require   a   co-­‐

catalyst   to   regenerate   the   active   quinone  upon   substrate  
oxidation,37   the   carbon   surface   simultaneously   catalyzes  
O2  reduction  and  amine  oxidation.  

  
Figure  2.  Time  course  of  benzylamine  conversion  to  N-­‐

benzyl-­‐1-­‐phenylmethanimine   by   aerobic   oxidation   cata-­‐
lyzed  by  0.1  g  of  1  (black),  2  (blue),  3  (green),  4  (pink),  or  5  
(red)   in  dry  THF  at  60   °C  under   1  atm  O2.  Data  are  nor-­‐
malized  to  mass  loading  of  graphitic  carbon  (discounting  
the  mass  contributed  by  the  aliphatic  ligands  in  2,  3,  and  
4).  Data  normalized  to  the  total  carbon  loading  are  plot-­‐
ted  in  Figure  S7.  
Using  this  test  reaction,  we  monitored  the  rate  of  prod-­‐

uct,  N-­‐benzyl-­‐1-­‐phenylmethanimine,   formation  over  time  
for  all  of   the  carbon  samples,   1-­‐5.  All   catalytic   runs  were  
performed  in  dry  THF  at  60  °C  under  1  atm  O2  with  peri-­‐
odic   quantification   of   product   formation   via   1H   NMR  
spectroscopy   of   reaction   aliquots   (Figure   2).   Samples   1  
and  5  display  similar  conversion  rates,  indicating  that  the  
thionyl   chloride   treatment   does   not   alter   the   material’s  
intrinsic   catalytic   performance.   Based   on   the   hypothesis  
that   the   catalytic   activity   of   the   carbon   arises   from   qui-­‐
none   surface   groups,34,35,37   one   might   expect   that   irre-­‐
versible   amidation   of   carboxylic   acid   surface   sites  would  
serve  to  retain  the  majority  of  the  catalytic  activity  of  the  
carbon   sample.   However,   incorporation   of   capping   lig-­‐
ands,   irrespective  of   their   length,   leads   to  an  ~2-­‐fold  de-­‐
crease   in   reaction   rate.  While   the  origin  of   this   suppres-­‐
sion  remains  unknown  at  this  time,  we  postulate  that  the  
decreased  surface  concentration  of  Brønsted  acidic  groups  
may  retard  the  rate  of  proton  transfer  steps  necessary  for  
O2   reduction   and   substrate   oxidation.   Given   that   these  
effects  are  expected  to  be  the  same  for  all   functionalized  
colloids,  we  now  compare  their  activities  as  a  function  of  
ligand  length  to  isolate  the  impact  of  the  ligand  shell  ste-­‐
ric   profile   on   catalysis.   Amongst   the   functionalized  
nanocarbons,  varying  the  capping  agent  length  from  C3  to  
C18   results   in  a  25  ±  4  percent  additional  decrease   in  ob-­‐
served  conversion  at  the  same  mass-­‐loading  of  the  carbon  
(Figure   S7).   This   can   be   explained   in   large   part   by   the  
increased  mass   fraction  of   the   inert  aliphatic  chains   that  
do  not  contribute  to  catalysis.  Elemental  analysis  suggests  
that  the  C3  material  (2)  consists  of  4  wt%  capping  ligands  
while  the  ligands  represent  18  wt%  of  the  C18  material  (4).  



 

Thus,  the  variation  in  substrate  conversion  after  48  hours  
is  modest,   ~10%,   upon   taking   into   account   the   differing  
graphitic  mass  loadings  (Figure  2).  This  indicates  a  simi-­‐
lar  specific  activity  for  all  functionalized  materials  despite  
a   dramatic   variation   in   capping   agent   length.   These   re-­‐
sults   establish   that   while   surface   functionalization   leads  
to   a   pronounced   decrease   in   catalytic   activity,   the   chain  
length  of  the  capping  ligand  plays  a  minor  role  in  the  ob-­‐
served  attenuation.  
In   conclusion,   we   have   utilized   covalent   amide   func-­‐

tionalization   of   graphitic   carbon   surfaces   to   generate  
catalytically-­‐active,   colloidally-­‐dispersible   nanocarbons.  
The   irreversibility  and  specificity  of   the  amide   formation  
reaction  allows  for  systematic  tuning  of  the  capping  agent  
length  without   altering   the   surface   concentration   of   the  
capping  species.  This  has  allowed  us  to  parse,  for  the  first  
time,  the  degree  of  steric  encumbrance  imposed  by  linear  
aliphatic   ligand   shells   on   the   catalytic   activity   of   the  
nanocarbon.  The  relative  invariance  of  the  catalytic  activi-­‐
ty   as   a   function   of   capping   ligand   length   indicates   that  
even  very   long  C18   capping   ligands  do  not   impose  a   sub-­‐
stantial  steric  penalty.  Given  that  the  capping  ligand  den-­‐
sities   we   observe   on   carbon   colloids   are   similar   to   the  
ligand   densities   observed   on   metal   and   semiconductor  
nanocrystals,  our  findings  suggest  that  there  is  no  intrin-­‐
sic   incompatibility   between   good   colloidal   stability   and  
efficient   colloidal   catalysis.   Indeed,   these   results   suggest  
that   a   key   to   developing   colloidally   stable,   highly   active  
nanocatalysts   is   to  synthesize  heterostructured  surfaces38  
that  host   capping   ligand  binding  and  catalysis   at   chemi-­‐
cally  distinct  sites.    
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