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ABSTRACT. Carbon-based nanomaterials of different dimensions (1-3D, tubes, bundles, films, papers and sponges, 
graphene sheets) have been created and their characteristic properties are discussed in the literature. Due to their 
unique advantageous, tunable properties these materials became promising candidates in new generations of applica
tions in many research laboratories and, recently, in industries as well. Protein-based bio-nanocomposites are referred 
to as materials of the future, which may serve as conceptual revolution in the development of integrated optical 
devices, e.g. optical switches, microimaging systems, sensors, telecommunication technologies or energy harvesting 
and biosensor applications. In our experiments, we designed various carbon-based nanomaterials either doped or not 
doped with nitrogen or sulfur during catalytic chemical vapor deposition synthesis. The amounts of heteroatoms in 
the composites were determined by radioanalytical and isotope analytical methods and their physico-/chemical prop
erties were compared. Based on 14C-analytics the yield of protein functionalization was also evaluated.

KEYWORDS: 14C analytics, carbon nanotubes, nanocomposites, N- and S-doping, reaction center protein.

INTRODUCTION

R ecen t developm ents in  in fo rm ation /com pu ter technologies, in form atics, op toelectron ics and 
m olecu lar biology m ade it possible to  m an ipu la te  m ateria ls  on  n anom ete r scales, o r even a t the 
level o f  m olecules, w hich led to  new  disciplines o f  the 21st century , such as “N an o tech n o lo g y ” 
(see e.g. B hushan  2004; W o lf  2004), “N an o -b io n ic s” (see e.g. W ong  et al. 2017; G ira ld o  e t al. 
2014), “ (B io-)photonics” (see e.g. W ilson  e t al. 2005; G erd  2016; K neipp  2017), etc. T h an k s  to  
the achievem ents o f  these technologies new  types o f  m ateria ls, nanom ateria ls , are produced , 
w hich offer new  generations o f  p rac tica l app lica tions (Shoseyov and  Levy 2008; 
C arm eli et al. 2007; D ard er et al. 2007; F áb iá n  et al. 2010; Scholes et al. 2011; M agyar et al. 
2013; N agy  et al. 2014).

A m ong the nanom ateria ls , the nanocom posites are o f  special in terest because the advan tageous 
properties o f  the com ponents can  be com bined  and /o r new  characteristics can  appear w ith  the 
possibility  o f  tunab le , predefined m an n er (K am iga ito  1991; E vangelos 2007; N em eth  e t al. 
2017). T he special class o f  nanocom posites is the b io-nanocom posites, w hich are considered as 
m ateria ls o f  the fu tu re (D ard er et al. 2007; Shoseyov and  Levy 2008; R u iz-H itzky  et al. 2010; 
N agy  et al. 2014). A lthough  the exp lo ita tion  o f  the b io -nanocom posite  m ateria ls  is m ain ly  a 
w ish a t p resent, there is intensive research  in  m any  labo ra to ries  aim ing to  explore the ir fun 
dam enta l p roperties o r to  develop the ir possible p rac tica l app lications. T he extrem ely high 
specificity, sensitivity, and  effectiveness o f  the b iological com ponen t offer p rom ising  app lica
tions e.g. in  active elem ents o f  biosensors (Li et al. 2011; C respilho 2013; H o u e t  al. 2016; Szabó 
et al. 2017), in teg rated  op tical (F á b ián  et al. 2010, 2011), and  optoelectron ic (F lan ag an  et al. 
1988) devices. M any  attem p ts have been m ade for creating  ligh t energy converting  (e.g. p h o 
tovoltaic) b io -nanocom posite  devices (K ietzke 2007; Lee et al. 2014; H a rtm a n n  et al. 2014; 
Szekeres et al. 2015; Szabó et al. 2015). A dditionally , the processes happen ing  a t the interface
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betw een the biological and  non-b io log ical com ponen ts can  be a useful m odel to  avoid 
unw anted  reactions against the h istocom patib ility  o f  artificial tissues, o rgans or o ther im plan ts 44
in  living beings. 45

To im prove the electrical properties o f  M W C N T s, doping o f  lattice o f carbon nanotubes w ith 46
Q 5  different heteroatom s (N, B, or S) (Duclaux 2002; L iu et al. (2017); Sharm a et al. (2017) via chemical 47
Q 6  vapor deposition technique is a very popular m ethod in the field o f carbon nanotube science. 48

T here are several fields w here iso tope analytics and  rad ioanaly tics p rov ide useful insights to  49

design, create and  apply  nanom ate ria ls  (also (b io-)nanocom posites) in  env ironm enta l sciences 50
as well (G e ra n io e t al. 2010; Fei et al. 2012; K im e t al. 2013,2014; M ag y ar et al. 2013; R o ig e t  al. 51

2016; Y ed ra  et al. 2016; G ottse lig  et al. 2017). E xam ples are as follows: 52

I. D e te rm in a tio n  o f  types/sources o f  p recursors (carbon  sources from  d ifferent environm ent), 53

heteroa tom s (e.g. N  or S conten t) w hen ca rb o n  m ateria ls  are p roduced . 54

II. D ete rm in atio n  o f  elem ent con ten t vs. physico-/chem ical characteristics o f  (carbon  based as 55
well) nanom ateria ls . W e are focusing on the effects o f  dop ing  (N , S doping), covering w ith  56
m etal oxides or functionalization  on the op tical and  electric properties. 57

III. F unctiona liza tion  w ith  b io logical m ateria ls  leads to  the creation  o f  b io -nanohybrid  58
m ateria ls  w hich are m ateria ls  o f  the future. Iso tope analytics helps in  d e term ina tion  o f  59

yield o f  functionalization , abso lu te q u an tity  o f  com ponen ts an d  enzym e activity. 60

O ur aim s were to  p repare  n itrogen  and  sulfur doped  ca rbon  nan o tu b es and  to  determ ine the 61

h etero a to m  and  14C con ten t for fu rth e r characterizing  the b iohybrid  m a teria l fo r fu tu re use. 62

T he he te ro a to m  con tain ing  M W C N T s will be used as carriers and  reac tion  center p ro te ins 63
(R C s) as sensitizer m atrices. 64

MATERIALS AND METHODS 65

Preparation of Nitrogen and Sulfur Doped CNTs 66

D uring  the experim ents either F e(III)-C o(II)/ca lc ium  ca rb o n ate  or n ickel(II)-oxide ca ta lysts 67
were used. In  th is study, a  ca ta lyst con ta in ing  5m /m %  Fe and  5m /m %  C o w as p repared  by 68
the im pregnation  technique. C alcu lated  am oun ts  o f  C o(II)-acety lacetonate, Fe(III)- 69
acety lacetonate and  C aC O 3 were m ixed in  a beaker w ith  distilled w ater. A fter th a t a short 70

sonication  process w as applied  to  prevent the aggregation  o f  solid p recurso r particles. 71
A m m onia  w as added  to  the system  to  set the p H  to  9, and  then  the dispersion w as p laced on a 72

m agnetic  stirrer and  w as hea ted  and  stirred intensely a t 70°C until m ost o f  the  solvent had  73

evaporated . A fter the evapo ra tion , the pow der ca ta lyst w as dried  a t 100°C fo r 24 hr. In  the case 74

o f the n ickel(II)-oxide cata lyst, calculated  am o u n t o f  N iO  w as dissolved in  acetone and  the 75

suspension w as d ropped  on to  a Si-sheet. 76

In  this study, catalytic chem ical vapor deposition (CCV D ) m ethod  was applied to  synthesize 77

nitrogen and sulfur doped m ultiw alled carbon  nanotubes (M W C N Ts). N itrogen and hydrogen 78
gases were passed th rough  the reacto r to  m ain ta in  an  inert atm osphere during the synthesis th a t 79
prevents M W C N T s from  oxidation a t higher tem peratures. The elem ental nitrogen gas did n o t 80

take p a rt in the doping process itself. Therefore, acetylene gas, thiophene, and tripropylam ine 81
(TPA) were used as carbon, sulfur and nitrogen precursors, respectively. Acetylene and nitrogen 82

gases were introduced into the system by passing th rough  a Y -shaped junction , while the liquid- 83
phase T PA  or thiophene were added by the bubbling technique, where the gases were conducted 84
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Syringe pump or 
bubbling system

- * o —
exhaust

quartz boat with sample

Figure 1 Schematic image of the CCVD reactor

into liquid T PA  or thiophene, before the reactor, thus the gas bubbles carried the T PA  or th io 
phene to  the reaction site (Figure 1). F o r m ore intense T PA  feed, injection m ethod  using a syringe 
pum p w as also applied; for fu rther experim ental details see Szekeres et al. (2015).

In  these experim ents, 150 m g o f  cata lyst w as m easured  in to  a quartz  boat. A fter 15 m in  o f 
leaching, the q u artz  b o a t w as p laced in to  the oven heated  up  to  720°C. In  the follow ing step, 
after the reac to r w as heated , acetylene flow w as set to  35 L  hr-1 and  the M W C N T  grow ing 
process started . T o finalize the synthesis, the acetylene flow ra te  w as set to  zero, and  afte r a 
short-tim e o f  leaching, the reac to r w as cooled dow n to  ro o m  tem pera tu re  to  collect the 
M W C N T  sam ples. In  all cases T P A  or th iophene w as fed in to  the reac to r du ring  the w hole 
reaction  tim e (30 min).

Preparation of MWCNT/RC Complexes

RC Purification
T he caro tenoid less R -26 strain  o f  R h o d o b a c te r  ( R b . ) sphaero ides  purple bac te rium  w as grow n 
pho to -he tero troph ica lly  under anaerob ic  cond itions in  a S istrom -m edium  supplem ented w ith 
po tassium  succinate (S istrom  1960). R C s were p repared  by L D A O  (laury ldim ethilam ine 
N -oxide, F luka) so lub ilization  and  s tan d ard  p ro te in  purification  m ethods (am m onium  sulfate 
p rec ip ita tion , D E A E  Sephacell (Sigm a) co lum n ch ro m ato g rap h y  and  u ltra filtra tion ) as 
described previously (M aro ti and  W ra ig h t 1988).

Functionalzation of MWCNTs with -COOH Group
M W C N T s were functionalized  w ith  carboxyl g roups in  aqueous n itric  acid so lu tion  w ith  a 
concen tra tion  o f  10m /m %  for 1 hr. A fter functionalization , the sam ples were w ashed w ith 
distilled w ater and  p u t in  a  d rier a t 90°C fo r 2 hr.

Binding RC to MWCNTs
R C  w as bou n d  to  carboxyl-functionalized  M W C N T s by E D C /N H S  chem istry procedure. 
C N T  w as activated  by the add ition  o f  crosslinkers N -hydroxysuccinim ide (N H S ) and
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Primary amine 
of RC

Stable MWCNT/RC 
complex (amide 

;  binding)
Carboxyl functionalized 
MWCNT

0 Hydrolysis

O -a c il iso u re a
(unstable
intermedier)

Amin-reactive 
NHS ester Primary amine 

of RC

Figure 2 Schematic representation of binding reaction center to -COOH functionalized MWCNTs by the EDC/ 
NHS method.

l-[3 -d im ethylam inopropyl]-3-ethy l-carbodiim ide (ED C ). A fter activation , the m ix ture w as 
d ialyzed in  po tassium  phospha te  buffer (O .lM , p H  7.0) to  rem ove the u n bound  crosslinkers. 
T hen, the calcu lated  am o u n t o f  R C  so lution  (typically ca. l00pM ) w as added  to  the activated  
M W C N T  and  it w as stirred  a t 4°C  fo r 3 hr. F inally , the sam ple w as separated  and  w ashed by an 
u ltracen trifuge un til the steady-sta te  abso rp tion  spectrum  o f the su p e rn a tan t did n o t show  the 
characteristic  peaks o f  the R C  in the n ea r in frared . T he reaction  schem e is sum m arized in 
F igure 2.

Electron Microscopy

E ach  sam ple w as characterized  by transm ission  electron  m icroscopy (T E M , F E I, T echnai G 2 
20 X -T W IN , 200kV) to  study the ir m orpho logy , w hich p lays a key role in  the understand ing  o f 
the M W C N T  doping. T he sam ples w ere p repared  as follows: first a  sm all am o u n t o f  sam ple w as 
dispersed in  abso lu te e thano l by u ltrason ica tion  (35kH z) in  an  u ltrason ica tion  b a th  (Transsonic 
T570/H ), then  a few d rops o f  the dispersion were placed on a 200 m esh C u  T E M  grid w ith 
ca rb o n  layer.

X-Ray Powder Diffractometry (XRD)

T he g raph itic  p roperties o f  M W C N T s w as investigated by X R D  m eth o d  (R igaku  M iniflex II  
D iffrac tom eter) utilizing characteristic  X -ray  (C u, Kot) rad ia tio n  (angle range 0 =  20-70°).

Raman Spectroscopy

G raph itic  p roperties o f  M W C N T s were also verified by R a m a n  spectroscopy m easurem ents 
(T herm o Scientific D X R  R a m a n  m icroscope) using 532 nm  laser excita tion , 20x  objective, 
l0 m W  laser pow er and  l5 m in  m easuring  tim e

Measurements of the Radiocarbon Contents

T he ca rb o n  con ten t o f  the sam ples w as liberated  by sealed tube com bustion  m ethod . The 
sam ple and  the M nO 2 o x idan t w ere w eighted in to  a glass tube. W hen  the in itial sam ple w as in  a 
liquid m atrix  it w as w eighted in to  the com bustion  tube and  dried  w ith  the help  o f  a  freeze dryer
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unit. T he quan tity  o f  the sam ple w as calcu lated  from  the com bustion  tube w ith  the dried  sam ple 
and  the em pty  m ass o f  th a t. T he tubes were evacuated  to  <5.10_3 m b a r and  sealed by a to rch . 133
T he sam ples w ere com busted  to  C 0 2 in  a m uffle fu rnace a t 550°C for 48 hr. T he gained  C 0 2 w as 134

purified using a ded icated  gas hand ling  system  equipped  w ith cryogenic trap s  in  o rder to  rem ove 135

the o ther com busted  gas com ponents. T he quan tity  o f  the pure C 0 2 w as determ ined  in  a  know n 136
volum e by high-precision  pressure sensor (Janovics 2016). T he yield o f  the ca rb o n  ex traction  137

can  be calcu lated  from  the quan tity  o f  the pure C 0 2. T he trap p ed  and  cleaned C 0 2 were 138
converted  to  g raph ite  by zinc reduction  sealed tube g raph itiza tion  m ethod  (R inyu  et al. 2013; 139

0 rso v szk i and  R inyu  2015). In  the case o f  less th a n  100 m icrogram s carbon , zinc m icro- 140

g raph itiza tion  technique w as used (R inyu  et al. 2015). 141

T he m easurem ents o f  the 14C con ten ts w ere carried  o u t on  a M IC A D A S  type accelera tor 142
m ass spectrom eter (Synal et al. 2004, 2007) in  the In stitu te  for N uclear R esearch , D ebrecen, 143

H ungary  (M olnar et al. 2013). In  o rder to  trac k  possible m o d ern  ca rb o n  co n tam in atio n  144

during  the p re trea tm en t and  com bustion  process, we have ex tracted  chem ical s tandards w ith  145

w ell-know n 14C activ ity  (IA E A  C7 and  C8; Le C lercq  et al. 1998) on the sam e trea tm e n t line 146
and  m easured  them  together w ith  the sam ples in  the sam e m easurem ent m agazines. BA TS 147

A M S d a ta  eva lua tion  softw are w as used to  trea t, process and  analyze all o f  th e  14C d a ta  148
(Lukas 2010). 149

Measurement of Stable Isotope Ratios 150

Stable iso topes were m easured  by a T herm o  F inn igan  D eltaplusX P  iso tope ra tio  m ass spec- 151
trom eter a ttached  to  an  elem ental analyzer (F isons N A 1500 N C S). This E A -IR M S  m eth o d  is 152

based on  the rap id  ox ida tion  o f  the sam ple by flash com bustion , w hich converts all the organic 153

and  inorganic substances in to  com bustion  products, th en  the resulted  gases are separated  in  a 154
ch rom atog raph ic  co lum n and  detected  by the m ass spectrom eter (M ajo r et al. 2017). T he 155

m easured  values are expressed in  delta  n o ta tio n  like 8 13C  and  8 15N , w hich delta  values are 156
de ned as follows: 8 ( I )  =  (R  /  R  -  1) x 1000, w here R  is the 13C /12C, 15N /14N  157

ra tio  in  the sam ple or in  the in te rna tiona l reference m ateria l as indicated . T he uncerta in ty  o f  the 158
m easurem ents is 0 . 2 I  for S13C and  ± 0 . 3 I  fo r 8 15N . 159

Measurement of Sulfur Content 160

C arb o n  nan o tu b e  sam ples w ere digested using a M ars  5 m icrow ave system. 50 m g o f  the sam ple 161

w as w eighted in to  the Teflon bom bs and  w as digested by 2 m L  67% (m /m ) n itric acid (supra- 162

pure, V W R  Chem icals). T he applied  pow er w as 800 W , 200°C  w as reached  w ith in  20 m in , and  163
it w as held  for 30 m in. T he sam ples were transferred  in to  50 m L  volum etric flasks and  filled up 164
w ith  u ltrapu re  w ater. 165

T he analysis o f  su lfur w as perform ed by A gilent 8800 IC P -Q Q Q -M S  system , using M S/M S 166
m ode. C hem ical reac tion  cell (C R C ) w as opera ting  w ith  oxygen reaction  gas. T he sulfur w as 167
m easured  w ith m ass-shift, m easured  on  m /z 48 (cf. E q u a tio n  1): 168

32S + +  32 0 2 =  32S160  + +  160  (1)

RESULTS AND DISCUSSIONS 169

Structural Characterizations of MWCNTs 170

By com paring  the T E M  im ages o f  undoped  (Figure 3), N -doped  (F igure 4) and  S-doped 171
(F igure 5), m orpho log ical changes can  be clearly  identified. T he m ic rog raph  o f  N -doped  172

M W C N T s (Figure 4) revealed th a t the reaction  p ro d u c t w as a  ca rb o n  deposit con tain ing
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Figure 3 Representative TEM image of undoped CNTs.

Figure 4 Representative TEM image of N-doped MWCNTs, visualizing the structural degenerations caused by the 
dopant, e.g. the bamboo structure.

hollow  M W C N T s w ith  bam boo-like segm ents. D ifferen t from  the N -doped  nanostruc tu res, 
S -doped nanostruc tu res show ed a special coiled m orpho logy , w hich is overall represen tative 
for the sam ples. T he structu ra l varieties found  in  the N -doped  and  S -doped sam ples can

173
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Figure 5 Representative TEM image of S-doped MWCNTs, showing the coiled morphology.

Figure 6 XRD diffractograms of undoped and N-doped CNTs.

possibly indicate the presence o f  dopan ts, as sim ilar reac tion  conditions w ith d ifferent 
h e tero a to m  resulted in  d istinct struc tu ra l changes. T he structu ra l differences can  resu lt from  the 174

m any  form s the d o p an ts  can  inco rpo ra te  in to  the M W C N T  lattice (Szekeres et al. 2015; Y ang  175

et al. 2015). 176

P ow der X R D  m easurem ents were perform ed to  determ ine, w hether the synthesized sam ples 177
possess a g raph itic  structure . T he d iffractogram s in  F igure  6 show  the characteristic  reflections 178
o f the g raph itic  lattice a t 20 =  26.11° and  44.65°, b u t w ith  d ifferent relative intensities to  each 179

o ther in  the tw o datase ts, w hich is the resu lt o f  the significantly changed  structures. T he results, 180

how ever, assure th a t the severe struc tu ra l degeneration  upon  doping  does n o t necessarily result 181
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uridaped MWCNT 
-------- N-doped MWCNT
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500 1000 1500 2000 2500 3000 3500

Raman shift (cm’  )

Figure 7 Raman spectra of undoped and N-doped CNTs.

in  the loss o f  g raph itic  properties, and  therefore in  the exclusion o f  unique electrical 
characteristics.

R a m a n  spectra o f  u ndoped  and  doped  M W C N T s are show n in F igure  7. G rap h itic  p roperties 
are often  explained by the in tensity  ra tio s o f  the D -b a n d  (1341 cm-1 , assigned to  the presence o f 
defect sites) and  the  G -b an d  (1527 c m 1, assigned to  the g raph itiza tion  level). T he increased 
D -b an d  intensity , as well as the decrem ent in  the G -b an d  in tensity  suggest th a t the con tinuous 
graphitic  lattice is significantly co rrup ted  in  the N -doped  sam ple. H ow ever, the presence o f  the 
G - and  G ’-bands indicate th a t the sam ple did n o t lose its overall graphitic  identity , only its 
hom ogeneity— due to  the altered  reaction  conditions caused by  in troducing  a d o p an t— is lower. 
Sim ilar conclusions can  be d raw n  from  the X R D  and  R a m a n  investigations o f  the S-doped 
M W C N T s.

Isotope Analytical Investigations of CNTs

N ine d ifferent type o f  ca rb o n  nano tubes were analyzed by iso tope analy tical m ethods and  the 
sam ple identification  w ith  characteristics (Table 1) and  results o f  stable N  and  C  con ten t 
(Tables 2, 3) and  14C con ten t (Table 4) are sum m arized.

The m ass spectrum  o f the sam ple nanotube is com pared to  the reference m aterial o f  know n carbon 
and nitrogen conten t and all o f  these calculations o f  weight percent determ ination  refer to  the 
so-called signfiicant peak. There are sam ples w ith some nitrogen conten t between 2.61%  and 
5.3 m /m %  (1/1466/9,10,13,14). The carbon  conten t o f  different sam ples is fairly different however, 
it ranges between 33 and 67%. The sam ples w ith nitrogen conten t has a 815N  value between 4 .2 5 1  
and 6 .0 9 1  and the stable carbon  isotope results cover a w ider range between - 2 0 .5 7 !  and 
- 2 9 .5 7 ! .

By using th iophene, we found  th a t the increase o f  C V D  synthesis tem pera tu re  resulted in  higher 
ca rb o n  deposit thus h igher ca rb o n  (m /m % ) (Table 2). O n the o ther hand , increasing tem p era 
tu re  is n o t advan tageous fo r the in co rp o ra tio n  o f  he tero a to m s in to  g raph itic  structures there 
th ro u g h  the bu ilt-in  am o u n t o f  sulfur is som ew hat low er a t 800°C.

T he bubb ling  m ethod  used for the p rep a ra tio n  o f  S-doped C N T  w as found  to  be m uch  less 
effective in  the synthesis o f  N -doped  m ateria ls, while using T P A  as dop an t. T he stable N  
con ten t o f  sam ples 11, 12, and  15 w as n o t detectab le (see T ab le  2), how ever, T E M
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T able 1 Iden tification  an d  descrip tion  o f  d ifferent types o f  nan o tu b es used for the analysis.

Sam ple descrip tion

R eac tio n  tim e/
Sam ple ID M ethod Liquid dop ing  tim e [min] T  [°C]

I/1466/1 S-dop. B ubbling T hiophene 30/30 700
I/1466/2 B ubbling T hiophene 30 30 800
I/1466/9 N -doped In jection T P A  -  ferrocene-acetone 10 2 720
I/1466/10 In jection T P A  -  ferrocene-acetone 20 5 720
I/1466/11 B ubbling T PA 40 40 720
I/1466/12 B ubbling T P A  -  acetone 40 40 720
I/1466/13 In jection T PA 20 5 720
I/1466/14 In jection T PA 20 10 720
I/1466/15 B ubbling T PA 40 40 750

T able 2 S table n itrogen , sulfur and  ca rb o n  iso tope results o f  investigated  n an o tu b e  species. 
T he sam ple ID  refers to  the sam ples listed in  T ab le  1.

Sample
ID

N
( 1 ,  AIR)

o
( 1 ,  AIR)

Nitrogen
(m/m%)

C
( 1 ,  VPDB)

o
( 1 ,  VPDB)

Carbon 
(m m%) S ((mg/kg)

o
((mg/kg)

I/1466/1 — — — -26 .79 0.16 33.30 318 3
I/1466/2 — — — -25 .89 0.04 41.94 256 4
I/1466/9 6.09 0.03 5.30 -24 .22 0.09 66.43 — —
I/1466/10 4.25 0.33 2.61 -27 .55 0.11 66.35 — —
I 1466 11 — — — -25 .05 0.16 45.41 — —
I/1466/12 — — — -26 .03 0.24 41.34 — —
I/1466/13 5.13 0.01 2.84 -29 .57 0.08 58.79 — —
I/1466/14 5.96 0.39 3.47 -29 .50 0.27 55.78 — —
I/1466/15 — — — -20 .57 0.04 37.56 — —

T able 3 14C  co n ten t o f  the investigated  nano tubes.
T he sam ple ID  refers to  the sam ples listed in  T able 1.

Sam ple ID
C om bustion  yield 
(%)

14C conten t 
(pM C )

I/1466/9 56.0 18.0
I/1466/10 44.0 6.2
I/1466/11 63.0 4.0
I/1466/12 73.0 3.0
I/1466/13 59.0 13.6
I/1466/14 58.0 13.4
I/1466/15 33.0 34.1

Q7

investigations revealed som e bam boo-like ch a rac ter o f  these ca rb o n  nano tubes, too . Sam ple 15 
dem onstra ted  th a t increasing reaction  tem pera tu re  is n o t a so lu tion  fo r getting  h igher N -dop - 209

ing. F o r  the synthesis o f  sam ple 12 the liquid  used for bubb ling  w as changed , nam ely  T P A  w as 210

m ixed w ith  acetone (1:9 ra tio ), w hich prov ided  better volatility . H ow ever, th is m odification  d id  211
n o t resu lt in  h igher N -dop ing  either. 212
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T able 4 Sum m ary  o f  d a ta  ob ta ined  du ring  d e term ina tion  o f  the 14C  quantity . S istrom  m ed
ium  is the grow ing m ed ium  o f the bac teria , R C  is reaction  center p ro te in , f-M W C N T COOH is 
the -C O O H  functionalized  1/1466/11 sam ple, an d  f-M W C N T COOH/R C  is the ca rb o n  n an o tu b e / 
reaction  center nanocom posite , respectively.

Sam ple
Sam ple quan tity  
(mg)

M easured  ca rbon  
(mg)

Y ield
(%) p M C

Sistrom -m edium 9.93 2.07 21% 31.9 ± 0.5
R C 2.78 1.49 54% 66.1 ± 0.3
f-M W C N T 1.15 0.85 74% 6.4 ± 0 .1
f-M W C N T COOH/R C
F

0.39
38.0 ± 2.0%

0.28 73% 29.1 ± 0 .1

A  reasonab le exp lana tion  fo r this significant difference betw een th iophene an d  T P A  d o p an ts  
can  be found  in  the ir vap o r pressure values a t ro o m  tem peratu re , w hich differ by 2 orders o f 
m agn itude (TPA : 1.51 m m H g, th iophene: 79.7 m m H g). This experience inspired  us to  som e
w hat m odify  our C V D  setup and  build  a syringe pum p in to  the system.

N -doped  sam ples prepared w ith the injection technique (9, 10, 13, 14) resulted in  signfficantly 
higher stable N  conten t o f  C N T  sam ples (Table 2). I f  we com pare the N  m /m %  d a ta  for sam ples 13 
and 14, we can  conclude th a t increasing doping tim e from  5 to  10 m in  (applying 20 m in  reaction 
tim e) can  result in  a slightly higher am ount o f incorporated  N . I t is know n from  literary d a ta  
(Y adav et al. 2005) th a t ferrocene is able to  block the nitrogen incorporation  in to  the carbon 
nanotube structure, therefore sam ples 9 and 10 were prepared w ith ferrocene feed. S table isotope 
m easurem ents also revealed th a t the inhibition effect o f  ferrocene appears only after an  induction 
period. 2 m in  “T P A  -  ferrocene -  acetone” feed is n o t sufficient to  block nitrogen incorporation , 
hence the stable N  content value for sam ple 9 is sim ilar to  th a t o f  other sam ples prepared by 
injection. Increasing ferrocene injection to  5 m in, the blockage can  be already detected (approx. 
50% lower N -conten t in  Table 2) w hich is in  accordance w ith form er E M  observations.

T he 14C  con ten t o f  the nano tubes w as also exam ined an d  the results are sum m arized  in  
T able 3. W e d id  n o t get a valid  resu lt in  tw o sam ples (I/1466/1 and  2). T he com bustion  efficiency 
fluctuates significantly for the  different sam ples. I t  seems th a t th is efficiency is h ighly dependen t 
on  the ca rb o n  con ten t o f  the sam ple, w hich is determ ined  by the applied  carriers and  precursors. 
R esu lts ind icate th a t the 14C con ten t o f  the nan o tu b es p roduced  by  the various p rep a ra tio n  
m odes varies widely (from  3.0 p M C  up to  34.1 pM C ). Iso top ic analy tical studies have 
show n th a t the used sta rting  m ateria ls, p recursors and  carriers have a strong  iM uence on 
the characteristics o f  the p roduced  nano tubes. F o r  b ind ing  studies, it is im p o rta n t fo r the 14C 
con ten t o f  the nan o tu b e  and  the p ro te in  has to  be significantly different. A s the 14C  con ten t o f 
the investigated  p ro te in  is determ ined  by the ca rb o n  source from  w hich the p ro te in  is developed, 
one aspect w as the selection o f  those n an o tu b e  types, w hich have the low est 14C con ten t du ring  
the analysis. E ventually , the tw o sam ple cand ida tes fo r fu rthe r investigations were I/1466/11 
and  I/1466/12 (cf. T able 4). W e used sam ple I/1466/11 for nanocom posite  p repara tion . A  low 
14C con ten t o f  the n ano -tube  is required  in  o rder to  better determ ina tion  o f  14C  concen tra tion  
change caused by reaction  center com plex b ind ing  (which is recent). This can  be used to  m ore 
accurately  determ ine the bonded  R C  ratio .

In  the case o f  the reac tion  center, the  p rim ary  ca rb o n  source is supplied by the S istrom -m edium  
(31.9 ± 0.5 pM C , cf. T ab le 4). H ow ever, the recen t atm ospheric  carbon-d iox ide (around  
100 p M C ) as secondary  source also iM uences the 14C con ten t o f  the b ac te rium  cells.
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Measurements on MWCNT/RC Hybrid System

F o r p reparing  M W C N T /R C  b iohybrid  system  M W C N T s functionalized  by -C O O H  groups 
were used, hereafter referred as f-M W C N T COOH. In  o rder to  determ ine the abso lu te q u an tity  o f 
the R C  in the f-M W C N T COOH/R C  com plex the am o u n t o f  the p ro te in  bou n d  to  the 
f-M W C N T  w as determ ined. F o r  th is reason , the p M C  un it w as determ ined  fo r the R C ,
f-M W C N T  and  f-M W C N T  /R C  sam ples. T he R C  frac tio n  o f  the f-M W C N T  /
R C  com plex is ob ta ined  by 14C  balance equation . 14C con ten t o f  the tw o-com ponen t m ix ture is 
defined as E q u a tio n  2:

p M C f  _ m w c n t cooh /  rc  = F rc  ■ ° M C rc  +  ( 1 -  F r c ) - p M C f  _ m w c n t cooh (2)

w here p M C RC, p M C  an d  p M C  is the m easured  14C  con ten t o f
the R C , f-M W C N T  and  f-M W C N T  /R C  com plex, respectively. F RC is the R C  
fraction  o f  the 14C  con ten t o f  the f-M W C N T  /R C  com plex. T he R C  frac tion  o f  the m ix
tu re  is ob ta ined  after the rea rrangem en t o f  14C balance eq u a tio n  (E q u a tio n  3):

F rc  =
p M C f  -  MWCNTcooh / RC _ p M C f  _ m w c n t cooh 

p M C RC _ p M C f  _ MWCNTc
100 % . (3)

By using the d a ta  ob ta ined  du ring  the d e term ina tion  o f  14C q u an tity  an d  sum m arized  in  
T able 4, F r c  =  38.0 ± 2.0%  can  be calculated . F inally , the to ta l R C /f-M W C N T  ra tio  and 
the am o u n t o f  R C  (m /m ) by the know n  m olecu lar w eight (M W : 80 k D a , 48%  carb o n  conten t) 
can  be calcu lated  using the R C  fraction  co n stan t and  the ca rb o n  ex traction  yields o f  the 
ap p ro p ria te  com ponents. C a rb o n  con ten t w as estim ated by the R C  structure o f  2W X 5.pdb  
deposited  in  the B rookhaven  P ro te in  D a ta  B ank  (h ttps://w w w .rcsb .org /pdb/hom e/hom e.do) 
after om itting  the w ater m olecules. T he calcu lated  am o u n t o f  the pho tosyn thetic  reaction  center 
bound  to  M W C N T s found  53 m /m %  R C  w hen the p ro te in  b o u n d  by the E D C -N H S  chem ical 
b ind ing  m ethod .

CONCLUSIONS

F o r  sum m ary , we can  conclude th a t by app ly ing  a specific change in  the elem ent co m p o 
sition  o f  the p recu rso rs du ring  N W C N T  synthesis specific d op ing  can  be achieved, for 
exam ple N  an d  S can  be inserted  in  the C N T  structu re . T he yield o f  the d op ing  w as proved  
by the iso tope ana ly tica l investigations. D o p in g  the M W C N T s by N  and  S resu lted  in 
specific s tru c tu ra l changes w ith  the ap p earan ce  o f  “b am b o o -lik e” o r sp iral s tructu res, 
respectively.

T he iso tope co n stitu tio n  o f  b io  hyb rid  m ateria ls  p rep a red  from  the  b a re  an d /o r d oped  ca rrie r 
C N T s and  enzym es p roved  th a t iso tope ana ly tics is a useful to o l fo r determ in ing  the  q u a n ti
ta tive  b ind ing  o f  the b io log ical m ateria ls  to  th e  ca rrie r  m atrices. A fter determ in ing  the 
q u an tita tiv e  am o u n t o f  the enzym e the  specific activ ity  o f  the sam ple can  be determ ined . T he 
am o u n t o f  the  p h o tosyn the tic  reac tio n  cen ter b o u n d  to  M W C N T s can  be determ ined  in  a 
sensitive w ay  an d  found  53 m /m %  R C  w hen the p ro te in  bou n d  by the  E D C -N H S  chem ical 
b ind ing  m ethod . D eta iled  investiga tion  o f  the effect o f  d iffe ren t ca rb o n  sources under the 
g ro w th  cond itions are beyond  the scope o f  th is pub lica tion , how ever, th is can  be a m a tte r  o f  
fu rth e r investigation .
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