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 Small-angle neutron scattering (SANS) and diffusion NMR studies are performed 
to investigate the stability and geometry of hydrogen-bonded pyrene-guest-containing 
 C -hexylpyrogallol[4]arene (PgC 6 -pyrene) nanotubular frameworks in solution. In 
the solid state, hydrogen-bonded pyrogallol[4]arene tubes are formed; however, the 
scattering data for PgC 6 -pyrene assemblies in acetone are best modeled as dimeric 
spheres of PgC 6  with no pyrene guest. The result of diffusion NMR study also 
indicates the rearrangement of tubular entity into spherical framework in acetone. 
This is the fi rst example of structural transformation of pyrogallol[4]arene nanotubes 
(guest-exo) in solution. Individual hydrogen-bonded spheres of PgC 6  exhibits a 
uniform radius of ca. 8.6 Å and a diffusion coeffi cient of 9.12  ×  10  − 10  m 2  s  − 1  in acetone. 
The diffusion NMR measurements further gave, for the fi rst time, insights into how 
the type of solvent (acetone vs. methanol vs. acetontitrile/D 2 O) governs the structural 
differences in these nanoassemblies. Solution-phase structural alteration observed for 
PgC 6 -pyrene gives evidence of enhanced stability of pyrogallol[4]arene nanocapsules 
over nanotubes. 
  1. Introduction 

 Biological cells can change morphologies in response to envi-

ronmental conditions or their internal stage, such as in the 

cell cycle or in development. Similar to biological systems, 

the 2D graphite building material can be modulated into 0D 

bucky balls, 1D carbon nanotubes or 3D graphite sheets. [  1  ]  

Such structural transformations and molecular recognition 

provides an opportunity to synthesize molecular hosts with 

varying architectures and huge internal cavities that can be 

utilized for guest encapsulation, gas storage or other poten-

tial applications. [  1,2  ]  The complexity in building large intricate 
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architectures can be addressed by achieving control over inter-

molecular interactions, in particular hydrogen bonding, that 

assist in the formation of stable supramolecular entities. [  2c  ,  3  ]  

Such control has been accomplished in dendrisosomes, [  4  ] 

 p -sulfonatocalix[4]arene [  5  ]  and pyrogallol[4]arene-based self-

assemblies that is evidenced by their huge library of varying 

architectures. [  6  ]  Supramolecular scaffolds range from zeo-

lite-like helixes of Co(III) sepulchurate [Co(diHOsar)] 3 +   

and Na  p -sulfonatocalix[4]arene [  7  ]  to molecular tweezers of 

oxacalix[2]arene[2]naphthalene [  8  ]  to molecular squares of Pt 

based  cis -(dppf)M(OTf) 2 . 
[  9  ]  Few examples of organic nano-

tubes include self-assembled tubular octapeptides, [  10  ]  zeolites 

or engineered porous crystals, [  11  ]  and the tetrameric/hexam-

eric  C -alkylpyrogallol[4]arenes with pyrene (exo-)/ferrocene 

(endo-) guests. [  12  ]  

 Most of these structural studies have focused on exploring 

the solid-state properties of nanoassemblies. Solution-phase 

behavior of nanoassemblies has also been investigated using 

techniques, such as NMR spectroscopy and light scattering; [  13  ]  

however, investigation of paramagnetic species (NMR) or 

non-spherical entities (light scattering/NMR) with traditional 

methods has been a major limitation in the area of solution-

phase chemistry. More recently, we have utilized small-angle 
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neutron scattering (SANS) as a tool to study the shape and 

geometric dimensions of pyrogallol[4]arene-based frame-

works in solution. [  2i  ,  14  ]  We investigated the solution structures 

of solid-state nickel/copper-seamed  C -alkylpyrogallol[4]

arene nanocapsules that are spherical and hence stable in 

solution. [  14e,f  ]  

 Crystallographic structural elucidation of these spherical 

entities and subsequent comparison with SANS results dem-

onstrate the robustness of these spherical frameworks in both 

phases. [  14e,f  ,  h  ]  It is important to note that small difference in 

sizes or shapes can be easily identifi ed by SANS. For example, 

it allowed us to differentiate between a dimeric (R  =  7 Å) 

and a hexameric (R  =  10 Å) spherical entity or between a 

spherical and/or a tubular entity in solution. [  14d–f  ,  h  ]  In contrast, 

we have also identifi ed pyrogallol[4]arene-based toroidal or 

ellipsoidal assemblies in solution that were expected to be 

spherical from solid-state structural elucidation. [  14f,g  ]  It dem-

onstrates that the self-assembled frameworks in solution can 

differ remarkably from the solid-state structures. Besides 

structural investigations, SANS results have also provided 

insight into the role of nitric acid in controlling the formation 

of tubular versus spherical nanoassemblies in solution [  14d  ]  

and the role of temperature in directing the formation of a 

thermodynamic (dimeric) versus a kinetic (hexameric) nano-

capsular product. [  14h  ]  

 Unlike the nanocapsular assemblies, nanotubular frame-

works have been much less frequently investigated in solu-

tion. Herein, our study focuses on investigating the stability 

of  C -hexylpyrogallol[4]arene nanotubes with the pyrene 

guests (PgC 6 -pyrene), that are exo to the tubular framework 

( Figure    1  ). [  12  ]  We employ SANS and diffusion NMR spec-

troscopy techniques to study the stability and architecture 

of these frameworks in solution. To our knowledge, the only 

other solution-phase study of PgC 6 -pyrene nanotubes is an 

FTIR study that was ambiguous in providing evidence for the 

presence of the nanotubes in solution. [  12  ]   

 The tubular framework of PgC 6 -pyrene is composed of 

tetramers of PgC 6  units with upper rim hydroxyls facing 

each other to construct a hydrophilic inner cavity. An 

asymmetric unit is composed of two molecules of PgC 6  
2 www.small-journal.com © 2012 Wiley-VCH V

     Figure  1 .     Pictorial representation of the change in geometry of solid-
state pyrene containing pyrogallol[4]arene nanotubes to solution-phase 
hydrogen-bonded nanocapsule and pyrene. Hydrogens are omitted and 
chain length reduced for clarity. Grey: carbon, red: oxygen.  
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associated with two molecules of pyrene which are exo to 

the framework (Figure  1 ). [  12  ]  In contrast, the previously 

studied PgC 1  ⊂ ferrocene nanotube is composed of alter-

nating units of 3 PgC 1 ’s and 1 ferrocene with the guest 

endo to the framework. [  14b,c  ]  An overlay of two layers of 

3 PgC 1’ s for PgC 1  ⊂ ferrocene forms a hexameric tubular 

architecture with a hydrophilic exterior consisting of upper 

rim hydroxyls. [  14b,c  ]  The solid-state study of PgC 6 -pyrene, [  12  ]  

and PgC 1  ⊂ ferrocene [  14b,c  ]  is distinctive in demonstrating the 

ability of pyrogallol[4]arenes to host disparate molecular 

probes at various positions (exo or endo) with respect to the 

hydrogen-bonded frameworks. These tubular frameworks 

self-assemble across the lower or upper rims to yield vari-

ations (hexameric or tetrameric) in tubular arrangements. 

It is our quest to fi nd whether the PgC-based nanotubular 

frameworks have the potential to maintain their struc-

tures in solution similar to PgC-based hydrogen-bonded 

dimers [  14a  ]  and copper- and nickel-seamed hexamers/

dimers. [  14h  ]    

 2. Results and Discussion 

 The solid-state PgC 6 -pyrene sample was prepared by 

the known method of dissolving 1:1 mixture of PgC 6  and 

pyrene in hot acetonitrile:water (5:2 by volume) solvent. [  12  ]  

This mixture was sonicated for about 10 minutes and left 

overnight to yield crystals with unit cell dimensions similar 

to those reported earlier. [  12  ]  For SANS measurements, the 

crystals of PgC 6 -pyrene were dissolved in d 6 -acetone at 

a mass fraction of 3%. The SANS experiments were per-

formed at 25  ° C on the NG7 SANS instrument at the NIST 

Center for Neutron Research, Gaithersburg, MD [  15  ]  and the 

data analysis was conducted on Igor Pro software provided 

by NIST. [  16  ]  

 For scattering data analysis, we fi rst calculated the scat-

tering length densities or SLDs ( Table    1  ) of guest (pyrene), 

host (PgC 6  alone) and guest with host (PgC 6  with pyrene). 

Given the crystallographic evidence for the tubular structure 

of PgC 6 -pyrene, [  12  ]  SANS data was fi rst fi tted to a cylindrical 

model both with and without pyrene. For this purpose, we 

employed different SLDs (Table  1 ) of the solute, i.e. PgC 1  

with and without pyrene, for each model in the data analysis. 

The data did not fi t well to the cylindrical models (supporting 

information). It is important to note that the hydrogen-

bonded pyrene-containing pyrogallol[4]arene nanotubular 

assembly is the fi rst example of nanotubues with an exo-guest 

that is unstable in solution. [  14e–g  ]   
erlag GmbH & Co. KGaA, Weinheim

   Table  1.     Calculated scattering length densities (SLDs) of PgC 6- pyrene 
system. 

Sample Mol. Formula Density (g/mL)  λ  (Å) SLD (Å  − 2 )

Pyrene C 16 H 10 1.27 6 2.61E-06

PgC 6   +  Pyrene C 192 H 256 O 48  +  

C 16 H 10 

1.2 6 1.36E-06

PgC 6  -Pyrene C 192 H 256 O 48 1.2 6 1.30E-06

small 2012, 8, No. 21, 3321–3325
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Structural Alterations in Pyrogallol[4]arene-Pyrene Frameworks

     Figure  2 .     Small-angle neutron scattering data analysis: Schulz Sphere 
fi t for  C -hexylpyrogallol[4]arene (without pyrene) in d6-acetone. Error 
bars on SANS data represent one standard deviation in intensity.  
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 Previous solid-state studies demonstrate the versatility 

of pyrogallol[4]arenes to self-assemble into spheres, ellipses, 

bilayers and tubes. [  12  ,  14e,f,h  ,  17  ]  It was likely for PgC 6 -pyrene 

tubular entities to self-assemble into other favorable con-

formations observed in solid or solution phases. Hence, the 

scattering data was then fi tted to uniform ellipsoid, core-

shell sphere, core-shell cylinder and Schulz sphere models, 

to deduce the best fi t. It was quickly found that the data 

did not support a core-shell structure of any geometry, indi-

cating that in acetonic solution, pyrene is not contained 

in the PgC 6  assembly, nor do the tubular structure remain 

intact. In fact, the best-fi t structure of the PgC 6  nanos-

tructures in solution is a polydisperse sphere (supporting 

information). 

 More specifi cally, the Schulz sphere model, for both pyrene 

enclosed PgC 6  and PgC 6  without pyrene fi tted well with small 

error bars and reduced chi-squared  =  1.9 ( Figure    2  ;  Table    2  ; 

supporting information). The radius of 5.6 Å obtained for 

PgC 6  with pyrene is smaller than the radius of 7 Å observed 

for a typical PgC 3  dimer. [  14h  ]  It is important to note that a 

single bowl of PgC 3  molecule is about 7 Å in size, hence for 

PgC 6  a radius of 7 Å or larger is expected. Thus, the radius 

(5.6 Å) obtained from Schulz sphere fi tting for PgC 6  with 

pyrene gives an unphysical representation of species in solu-

tion. On the other hand, the radius for PgC 6  without pyrene 

is 8.3 Å (Supporting Information).   
© 2012 Wiley-VCH Verlag Gmb

   Table  2.     Fitting parameters for Schulz sphere model. 

Volume Fraction (scale) 0.0082731  ±  3.2248e-05

Mean radius (Å) 8.29936  ±  0.000916374

Polydispersity (sig/avg) 0.100016  ±  1.16504e-05

SLD sphere (Å  − 2 ) 1.3e-06 (held fi xed)

SLD solvent (Å  − 2 ) 5.39e-06 (held fi xed)

bkg (cm  − 1  sr  − 1 ) 0.00118604  ±  5.89841e-05

Sqrt ( χ ̂ 2/N) 1.90595

small 2012, 8, No. 21, 3321–3325
 The SANS result naturally leads us to the fi nal struc-

ture of a spherically shaped, hydrogen-bonded PgC 6  dimer 

(Figure  1 ) in acetone. The increase in size of PgC 6  dimer 

(radius  ∼ 8.3 Å) with respect to PgC 3  (radius  ∼ 7 Å) is con-

sistent with the increase in alkyl chain length. In the solid-

state, pyrene interacts with the hydrophobic exterior that 

holds the nanoassembly together. [  10  ]  It suggests that acetone 

plays an important role in disrupting these interactions in 

the tubular framework to induce a rearrangement into a 

spherical dimeric nanoassembly. Similar morphological trans-

formations have been observed for liposomes caused by the 

assembly of encapsulated tubulin and the effect of micro-

tubule-associated proteins (MAPs) that refl ect the adapt-

ability of intermolecular interactions. [  18  ]  

 To further investigate the solution phase behavior we 

performed diffusion-ordered NMR spectroscopy (DOSY) on 

samples of PgC 6 , pyrene, and PgC 6 -pyrene, each dissolved in 

d 6 -acetone (Supporting Information). PgC 6  alone has a dif-

fusion coeffi cient of 1.04  ×  10  − 9  m 2  s  − 1  while pyrene alone 

has a diffusion coeffi cient of 2.64  ×  10  − 9  m 2  s  − 1 . On the other 

hand, PgC 6 -pyrene (crystals of tubular assembly dissolved in 

d6-acetone) yields diffusion coeffi cents of 9.12  ×  10  − 10  m 2  s  − 1  

(host PgC 6  signals) and 2.50  ×  10  − 9  m 2  s  − 1  (pyrene signals). 

Clearly, the host and guest have dissociated ( Figure    3  ). 

Assuming that the diffusion NMR results of PgC 6 -pyrene 

sample are in agreement with the SANS data analyses, the 

diffusion coeffi cient of 9.12  ×  10  − 10  m 2  s  − 1  in d 6 -acetone cor-

responds to the geometric dimensions of a PgC 6  dimer. 

Cohen and co-workers have observed only a small difference 

between the diffusion coeffi cient of monomer and dimer in 

CDCl 3  (about 0.10  ×  10  − 9  m 2  s  − 1 ) of systems of octahydrox-

ypyridine[4]arene. [  13c,h  ]  Our result here shows a difference of 

0.13  ×  10  − 9  m 2  s  − 1  between the diffusion coeffi cients of PgC 6  

in two different solutions (PgC 6  alone and PgC 6 -pyrene). This 

suggests that PgC 6  alone is a monomer and that the imme-

diate self-assembly of dimeric form is not favorable in ace-

tonic solution; however, a rearrangement from a tetrameric 

tubular architecture of PgC 6 -pyrene to a dimeric spherical 
3323www.small-journal.comH & Co. KGaA, Weinheim

     Figure  3 .     DOSY of 2 wt% PgC 6 -pyrene in d6-acetone showing different 
diffusion coeffi cient (y-axis in logD scale) of PgC 6  dimer, pyrene, solvent 
acetone and water.  
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framework of PgC 6  is quickly facilitated in acetone. Further, 

 1 H NMR (Supporting Information) shows only one broad 

pyrogallol OH proton peak at 7.77 PPM for the solution of 

PgC 6 , which is consistent with a single pyrogallol bowl with 

one exchange-averaged OH environment. On the other hand, 

the two broad pyrogallol OH peaks at 7.18 and 8.06 PPM 

(about 1:2 ratio) for the solution of the tubular crystals sug-

gest that there are two chemical environments among each 

pyrogallol’s three OH protons. The two hydroxyl environ-

ments are expected when dimeric sphere is formed by inter-

molecular hydrogen bonding, which signifi cantly slows down 

the hydrogen-exchange either among pyrogallol hydroxyl 

protons or between the hydroxyl protons and water mole-

cules in the vicinity. The DOSY of PgC 6 -pyrene in d6-acetone 

(Figure  3  and Supporting Information) shows that pyrogallol 

hydroxyls have a diffusion coeffi cent of 9.73  ×  10  − 10  m 2  s  − 1  

which is very close to that of PgC 6  dimer (9.12  ×  10  − 10  m 2  s  − 1 ); 

in contrast, free water molecules have a diffusion coeffi cent 

of 4.32  ×  10  − 9  m 2  s  − 1  which is just slightly below that of solvent 

acetone (4.42  ×  10  − 9  m 2  s  − 1 ). These results demonstrate that 

water molecules are not involved in the hydrogen bonding 

between two PgC 6  bowls and only the pyrogallol hydroxyls 

are utilized to form the dimer, which is consistent with fi nd-

ings of Cohen and co-workers. [  11b  ]   

 A diffusion NMR study of PgC 6 -pyrene in other sol-

vents, namely d 4 -methanol and d 3 -acetonitrile:D 2 O (5:2), also 

yielded two distinctive diffusion coeffi cients for the host and 

the guest (supporting information). In d 4 -methanol, the diffu-

sion coeffi cients were 5.10  ×  10  − 10  m 2  s  − 1  and 1.48  ×  10  − 9  m 2  s  − 1  

while in d 3 -acetonitrile:D 2 O (5:2) mixture the diffusion coef-

fi cients were 4.80  ×  10  − 10  m 2  s  − 1  and 1.42  ×  10  − 9  m 2  s  − 1  for 

PgC 6  and pyrene, respectively. Similar to the acetonic solu-

tion, the hosts and guests have dissociated in d 4 -methanol and 

d 3 -acetonitrile/D 2 O solvents. Unlike acetonic solution, the  1 H 

NMR for both d 4 -methanol and d 4 -acetonitrile:D 2 O solutions 

shows only one water signal at an exchange-averaged posi-

tion between the pyrogallol OH and solvent water environ-

ments, and the water’s diffusion coeffi cients are close to those 

of the solvent methanol and acetonitrile. These observations 

reveal the presence of a monomeric PgC 6  entity in both solu-

tions, a result that is consistent with the NMR fi ndings by 

Cohen and co-workers on a PgC 11  system, which shows that 

polar solvent such as d 4 -methanol disrupts the intermolecular 

hydrogen bonds among the pyrogallol hydroxyl groups. [  11b  ]  

 The NMR and SANS results cohesively, for the fi rst time, 

indicate an unstable tubular architecture of PgC 6 -pyrene in 

acetone. The preferential formation of spheres over tubes 

in acetone can be attributed to the reduced surface ten-

sion of the spherical nanoassembly. The result of this study 

is intriguing because it demonstrates unique solution-phase 

structural properties of tubular pyrogallol[4]arenes: (1) the 

tetrameric (PgC 6 -pyrene) as well as hexameric [  14c  ]  hydrogen-

bonded tubular frameworks convert to thermodynamically 

more stable dimers over hexamers; [  14h  ]  (2) hydrogen-bonded 

spherical pyrogallol[4]arene nanocapsules [  14a  ]  are more 

stable than hydrogen-bonded tubular frameworks in solu-

tion (PgC 6 -pyrene); [  14c  ]  (3) the arrangement of PgC bowls, 

i.e. hydrophilic (PgC 6 -pyrene) versus hydrophobic [  14c  ]  cavity, 

does not affect the overall stability of nanotubes.   
4 www.small-journal.com © 2012 Wiley-VCH 

 C
 3. Conclusion 

 In summary, current study mimics the spontaneous struc-

tural transformation observed in biological assemblies, such 

as phospholipid bilayer vesicles or liposomes, wherein the 

shape transformation yields selective functional entities. [  18  ,  19  ]  

This study demonstrates the rearrangement of solid-state 

hydrogen-bonded PgC 6 -pyrene tubular framework into 

solution-phase hydrogen-bonded PgC 6  dimeric spherical 

framework in d 6 -acetone. The loss of guest from solid to 

solution phase indicates that the pyrene guest is essential 

for directing the formation of solid-state tubular entity and 

molecular recognition plays an important role in selective 

formation of tubes over dimers in solid state. This study also 

reveals the interplay of intermolecular interactions, here 

primarily hydrogen bonds, in resulting the structural defor-

mation of the assembly. The observed structural alteration 

of hydrogen-bonded PgC 6 -pyrene is in agreement with that 

of other solid-state hydrogen-bonded pyrogallol[4]arene 

nanotubes that provides evidence of enhanced stability of 

hydrogen-bonded pyrogallol[4]arene nanocapsules over nan-

otubes when in solution. Clearly, the structures of supramo-

lecular complexes can differ profoundly between solid and 

solution states.   

 4. Experimental Section 

 For SANS measurements, the crystals of PgC 6 -pyrene were dissolved 
in d 6 -acetone at a mass fraction of 3%. For NMR measurements, 
solutions of 0.5–2 wt% PgC 6 -pyrene, PgC 6 , and pyrene were pre-
pared in  d6 -acetone,  d4 -methanol,  d3 -acetonitrile:D 2 O (5:2) and 
placed in 3 mm NMR tubes. The NMR experiments were performed 
on the same day at 25  ° C on a Bruker Avance DRX500 spectro meter 
equipped with a 5 mm triple-resonance cryogenic probe and a 
Z gradient coil. The operating frequency for  1 H was 500.13 MHz. 
The probe is capable of delivering a maximum gradient strength of 
53.5 G/cm. For diffusion-ordered NMR spectroscopy or DOSY we used 
the Bruker supplied STE bipolar gradient pulse pair sequence with 
sine-shaped gradient pulses. Z gradient strength was incremented 
from 5 to 95% (or 1.686 to 32.03 G/cm for sine-shape) in 16 steps. 
The diffusion time d20 (big delta  Δ ) and gradient pulse length p30 
(small  δ /2) were shown on each spectrum. Diffusion coeffi cients were 
calculated by Bruker supplied DOSY2D and SIMFIT (multi-component 
fi t) programs in XWINNMR3.6 or TOPSPIN2.1 software packages.   

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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