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Abstract. High pressures in the 0-10 GPa range cause molecules to deform in unusual ways. 

A series of precisely defined carbon nanohoops consisting of n para-linked phenyl groups, [n]-

cycloparaphenylenes ([n]CPPs, n=7, 8, 9, 10, and 12) were studied in this pressure range using 

Raman spectroscopy and Density Functional Theory (DFT), and compared with more rigid 

smaller 5- and [6]CPPs and with the longer carbon nanotubes. The presented analysis sheds 

light on the different responses to pressure depending on the nanohoop size. Surprisingly, the 

pressure coefficients, the rate of the Raman shifts as a function of pressure, change at a 

particular pressure which is characteristic of each [n]CPP. We identified this pressure as the 

beginning of ovalization of the nanohoops in analogy to carbon nanotubes. This pressure 

induced ovalization is reversible in the range of pressure studied for [n]CPPs with n=7, 9, 10, 

and 12. In the case of [8]CPP, we find a metastable conformation at 8 GPa with significantly 

changed dihedral angles of adjacent phenyls. This high pressure molecular phase of [8]CPP 

provides an example for a new mechanism of irreversibility involving different conformations 

upon high pressure treatment. Modeling provided atomic level insights into the changes of 

conformations and the development of aromatic vs quinonoid structures as a function of 

pressure.  
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π-Conjugated molecules undergo a wide variety of transformations under high pressure 

(such as unusual formation of aggregates and polymers),1,2 an area of underexplored chemistry 

mostly due to the difficulties of in situ characterization.3 Of the known cases, benzene 

undergoes intermolecular bond formation at about 20 GPa forming a surprising polymeric 

phase.4, 5, 6 Another example is the fluorene molecule (C13H10) which changes its herringbone 

structure at about 3.6 GPa towards π-stacking, yet no intermolecular bond formation was 

observed up to 14 GPa.7 For biscarbonyl[14]annulene, a Hückel aromatic molecule, while a 

significant reduction of aromaticity occurs under pressure, no intermolecular bond formation 

was observed up to 9.5 GPa.8 

As revealed by the cases of benzene, biscarbonyl[14]annulene, and fluorene, due to the 

malleability of the −bonds, −conjugated molecules represent the prototypical niche of 

compounds where effects of high pressure on the transformation of molecules can lead to a rich 

diversity of products. Recently we have been interested in −conjugated cycloparaphenylenes, 

abbreviated as [n]CPPs and illustrated for n=10 in Figure 1, where n represents the number of 

repeating phenyl units in the nanohoop. The unusual cyclic molecular symmetry of [n]CPPs 

offers a unique case of cyclic circulation of the −electron density, or cyclic −conjugation, 

which confers on them distinct optical and electronic properties governed by their increasing 

strain with decreasing n.9 The −conjugated scientific community has been captivated by the 

circular aromaticity of [n]CPPs, their tunable size, varying degrees of aromaticity, unique size-

dependent supramolecular properties,  encapsulation of guest molecules and promising 

applications in material science.10,11  

Because [n]CPPs represent the shortest segments of armchair single wall carbon 

nanotubes (SWCNTs)12, they can also serve as model systems not only to conceive the bottom-

up synthesis of SWCNTs but also to elucidate the nature of the interaction of the nanotube host 

with guests, as well as other interesting properties.13,14,15 Since the first synthesis of [n]CPPs 

(n=9, 12, and 18) in 2008, 16  the family of [n]CPPs was quickly expanded to include the n=5-

16, and 18 members of the series and diversified into other functionalized derivatives using 

various synthetic methods.16,17,18,,19  

Many different aspects of the ambient pressure chemistry of [n]CPPs have been already 

addressed in different laboratories.20 From our side, we have initiated a journey into the 

elucidation of the high pressure chemistry and properties of [n]CPPs devoted to the two 

smallest and highly strained individual members of the series, [5]CPP21 and [6]CPP.22 These, 
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due to their large molecular strain required to close the nanohoops, display a different behavior 

that cannot be easily fitted into the general trends of larger [n]CPPs. Therefore, now, we report 

a complete and comprehensive joint analysis of the mechanochemical properties of the [n]CPP 

series including the larger and thus softer members of the series, those with n=7, 8, 9, 10, and 

12 by combining spectroscopy with theory and by putting their singular properties into a 

common scenario in order to gain insights into the emerging features at high pressure. This will 

be carried out by monitoring the structures and Raman spectra during pressure cycling. Raman 

spectroscopy is a widely used tool for the characterization of carbon-based materials in a 

variety of in situ conditions, from which a unique palette of structural–spectroscopic 

correlations has been established.23 It is well known that under pressures in the range 5-20 GPa, 

−conjugated molecules can form σ–bonded aggregates, hence we will emphasize the nature 

and size-dependent propensity of [n]CPPs to deform existing bonds or to form new ones and 

will relate the pressure effects to their molecular shapes and electronic properties (i.e., inter-

benzene conformations and tuned aromaticity in the benzene rings that constitute CPPs). 

The mechanical responses of SWCNTs have been widely studied and it is well known 

that along their long dimension they are among the strongest existing materials.24,25 However, 

SWCNTs are softer in the cross sectional directions, and for those with large diameters even 

collapsed peanut shaped configurations have been indicated.26,27,28 Even at ambient pressures 

some deviations from the perfect cylindrical shape for larger diameter nanotubes have been 

noted.29 It has been suggested that SWCNTs undergo structural transitions during compression 

with cross sectional changes from circular to oval and then to peanut shapes.30,31 Such 

anisotropy thus fundamentally influences the electronic and mechanical properties of 

SWCNTs.32,33,34 In these studies, pressure-dependent Raman experiments have provided 

essential information about their mechanical properties.35,36 Since pressure displaces the 

equilibrium geometry into the repulsive part of the anharmonic energy-deformation coordinate 

function, the pressure-dependent Raman frequencies provide key information about 

mechanical properties beyond the linear elastic regime, as it has been shown for CNTs.35,36 The 

pressure at which SWCNTs become appreciably oval has been defined as the ovalization 

pressure, Poval. Given that the selective synthesis of SWCNTs with specific diameters is still 

not sufficiently optimized, there are few high-pressure experimental works which studied their 

properties with the diameter as a structural variable.37 Consequently, given the precisely 

defined molecular structures of [n]CPPs, these molecules can provide valuable answers by the 

precise elucidation of their high pressure properties in connection with those of SWCNTs.  
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In this paper we carry out the following analysis, such as outlined in Figure 1: i) the 

study of the mechanical, structural, and chemical properties of [n]CPPs under high pressure; 

ii) the comparison of the behavior of [n]CPPs with those known for SWCNTs; iii) the 

theoretical simulation of high pressure conditions which will give accesses to molecular and 

electronic properties as a function of pressure in order to guide and help to explain the 

experimental spectroscopic findings; and iv): we compare the high pressure behaviors of the 

less strained [n]CPPs (with n>6) with the most highly strained two members of the group (n=5, 

and 6).  

 

 

RESULTS AND DISCUSSION 

 

1 Vibrational Raman spectra: General insights of the dependence with pressure. There is 

a common Raman response that reveals structural ovalization of CNTs consisting of a sudden 

change of the rate of frequency shift as a function of pressure (i/P, pressure coefficients 

where i refers to the i-th normal mode) that occurs at the same pressure for all modes, a critical 

pressure termed as ovalization pressure which is of key importance in this work. This effect is 

especially noticeable for the CC stretches, the so called “G” modes of CNTs. 38,39,40,41 The 

second most significant spectral signature related to the deformation of CNTs upon pressure is 

the disappearance of Raman bands due to the radial breathing modes. 41,42 In this paper, we 

will study the i/P coefficients at pressures below and above the ovalization pressure, 

referred as S1,i and S2,i, respectively.  

 

Figure 2 shows the Raman spectra of [n]CPPs, n=7-10 and 12 at selected pressures. We 

divide their analysis into three regions for which the most intense bands are discussed. Their 

assignments at P=0.1 MPa are given in Table S1. 

 

1A The 1600 cm− wavenumber region. We mainly focus the discussion on the GA1g and GE2g 

bands around 1580 cm− related to the collective CC stretching modes.43,44 These modes 

provide information on -electron delocalization and aromaticity. A general observation is that 

all Raman bands upshift with increasing pressure.  

 



5 
 

1B The 1250 cm− wavenumber region. Around 1250 cm− we observe five sub-bands 

resulting from different vibrational combinations of phenyl breathing modes, CC stretching 

modes, and CH waging bending modes. For simplicity, we will refer to these as the 1190, 1200, 

1250, 1280, and 1290 cm− bands which. also significantly broaden upon compression thus 

hindering the analysis of their possible resolution into sub-bands at higher pressures.  

 

1C The 100-1200 cm− wavenumber region. Several bands in this region are assigned either 

as CCC bending modes or radial flexural modes, in addition to the typical pseudo radial 

breathing modes and the radial breathing modes, p-RBM and RBM, respectively).43,44 In line 

with the findings in CNTs, the p-RBM intensity decays with increasing pressure for all 

[n]CPPs. The new information here is that since in [n]CPPs the p-RBM bands are measured in 

out-of-resonant conditions, their intensity decays as the result of an intrinsic increase of 

fluorescence/reabsorption during compression, and not due to resonance effects.  

 

2 Variable pressure Raman shifts: Theoretical insights and discussions of the i/P 

pressure coefficients. Our experimental results are accounted for and supported by quantum 

chemical calculations conducted under simulation of hydrostatic high pressure. Figure 3 

represents the pivotal experimental-versus theoretical comparison of the pressure dependence 

of the different Raman bands for each [n]CPP. In all systems from [7]- to [12]CPP, the GA1g - 

GE2g and the 1250 cm-1 bands show a general upshift with positive pressure coefficients for 

most of the Raman bands, seen both in the experiments and computations. These S1,i and S2,i 

pressure coefficients follow that S1,i > S2,i. 

This pressure-dependent Raman behavior has been already established for the G bands 

of CNTs from which we know that the ovalization pressure (𝑃𝑜𝑣𝑎𝑙
𝑛 ) strongly depends on the 

diameter of the CNTs.45 Eq. (1) describes approximate piecewise linear trends, postulating that 

the pressure at which the rate changes for each n is a shared parameter for all vibrational 

frequencies. In what follows, in analogy with CNTs, we will discuss 𝑃𝑜𝑣𝑎𝑙
𝑛  as a characteristic 

parameter. The formulas are: 

where S1.i and S2,i correspond to the  pressure coefficients at pressures below and above 𝑃𝑜𝑣𝑎𝑙
𝑛   

respectively, and ωi(0) is the Raman shift at ambient pressure. Then, for each band we have 

                      i(P)=i(0)+S1,iP, if (P< 𝑃𝑜𝑣𝑎𝑙
𝑛 )                                                                  

                      i(P)=i(0)+S1,i𝑃𝑜𝑣𝑎𝑙
𝑛 +S2,i(P-𝑃𝑜𝑣𝑎𝑙

𝑛 ), if  (P>𝑃𝑜𝑣𝑎𝑙
𝑛 ),                                            

(1a) 

(1b) 
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three parameters (ωi(0), S1,i, S2,i) for a given n. Note that the 𝑃𝑜𝑣𝑎𝑙
𝑛  parameter is independent 

of the band index i and is unique for each [n]CPP.  

The S1,i and S2,i pressure coefficients for the GA1g and GE2g bands as a function of n are 

shown in Figures 4a and 4b, respectively. Large positive pressure coefficients for a Raman 

band are correlated with large structural deformations along the vibrational displacement 

defined by the given normal mode. All S1,i and S2,i values for the G modes show a good 

agreement between calculations and experiments, and between these, in general, the 

coefficients of the GA1g mode is found experimentally to be lower than the GE2g coefficient. For 

both G modes, there is a clear relationship between the pressure coefficients and n, with larger 

values corresponding to larger n. The detailed numerical values of the S1,i and S2,i  experimental 

and computed pressure coefficients below and above the ovalization pressure for each G and 

1250 bands are summarized in Table S2 and Figure S2 (see  Figure S3-S8 and Table S3-S5 for 

the analysis of the Raman shift of  lower frequency modes and RBMs).  

Comparing Figures 4a and 4b, one can observe a significant decrease passing from S1,i 

to S2,i for most Raman bands, with S1,i being typically about twice as large as S2,i. In simple 

terms, why is S1,i > S2,i for most Raman bands and for all [n]CPPs? Similar mode softening 

(S1,i > S2,i) of three intense Raman active bands with increasing pressure have been observed 

for poly-paraphenylene.46 A mixed trend with some pressure coefficients are increasing while 

others are decreasing with increasing pressure was observed also for linear oligo-

paraphenylenes47,48 and for SWCNTs38,39,40,41,49. This effect is to a large extent due to the fact 

that different normal modes are affected differently by pressure induced deformations. Among 

others, Sun et al.26 find for (10,10) SWCNT a softening of the G bands ~1 GPa which they 

relate with the ovalization of the tube. Peters et al.38 attributed the sudden decrease of the 

Raman pressure coefficient at 1.7 GPa for (10,10) and (17,0) SWCNTs also to such a softening 

deformation with increasing pressure. The presented S1,i > S2,i trend as observed for most bands 

of most [n]CPPs is in line with the interpretation of an ovalization (rigid-to-soft) transition in 

analogy with the SWCNTs. The rigid-to-soft transition can be understood by the fact that below 

𝑃𝑜𝑣𝑎𝑙
𝑛  pressure will cause the shrinking of the tube, while at pressures above 𝑃𝑜𝑣𝑎𝑙

𝑛 , tubes are 

softer in the minor axis direction after ovalization. 

We have compared the S1,i values obtained for [n]CPPs with those of SWCNTs from 

the literature and for the related linear oligo-paraphenylenes in Figure S2: [n]CPPs and 

SWCNTs follow a parallel trend and, as already noted, S1,i rapidly grows when the number of 
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phenyl units increases, a spectroscopic feature exclusively related to the larger diameter of the 

nanohoops similar to the trends in nanotubes. A new peak observed for [7]CPP around 1605 

cm− (shown in orange in Figure 2) is well reproduced by quantum chemical calculations at 

high pressures. This mode emerges from the band splitting of the GE2g mode as the symmetry 

is reduced from circular to oval. This splitting of the GE2g mode is also reproduced theoretically 

for the other [n]CPPs although it is not experimentally detected, likely due to spectral 

broadening.  

The right two columns in Figure 3 show the pressure responses of the five bands near 

1250 cm− for the different [n]CPPs. There is a good agreement between the calculated and 

experimental S1,i and S2,i values. The broadening of the bands is mirrored the quantum chemical 

calculations that predict band splittings due to the reduction of symmetry at high pressures. 

Similarly to the G bands, these trends also display an approximately linear relationship between 

upshift and increasing pressure with the rates changing at around the same 𝑃𝑜𝑣𝑎𝑙
𝑛  values for 

each n. These Raman bands are the combination of CC and CH bending modes, and 

consequently, the change in the rate might be ascribed to changes in torsions as ovalization 

develops.43,44 In addition, as shown in Figure 3, Table S1, and Figure S1, the S1,i and S2,i 

coefficients of the five 1250 cm-1 bands depend on the nanohoop size n, unlike those for linear 

oligo-paraphenylenes which are nearly independent from n.47 The  pressure coefficients for the 

low frequency modes are detailed in the supplementary material file.  

The dependency of 𝑃𝑜𝑣𝑎𝑙
𝑛  as a function of n is shown in Figure 5. The 𝑃𝑜𝑣𝑎𝑙

𝑛  values 

become smaller for larger n. This very interesting trend is also reflected in the theoretical 

calculations which also predict a unique single 𝑃𝑜𝑣𝑎𝑙
𝑛  with a rapid decrease with increasing, n. 

This gives strong support to our theoretical modeling of [n]CPPs under pressure and further 

justifies our confidence in the atomistic description obtained from theory presented in the next 

sections.  

The deformations of the cross sections of CNTs under pressure are strongly diameter 

dependent, and tubes with larger diameter are softer (i.e., lower pressures are needed to induce 

the ovalization).26,28,30,49 In Figure S9, we compare the ovalization pressures for SWCNTs with 

those of the [n]CPPs.26,50 There is a parallel diameter dependence where 𝑃𝑜𝑣𝑎𝑙
𝑛  decreases for 

larger diameters. In CNTs, this 𝑃𝑜𝑣𝑎𝑙
𝑛  is related to the pressure at which deformation from 

circular to oval shape begins as modeled by the continuum theory of the buckling of elastic 
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rings.51-54 By extrapolating this theory to [n]CPPs, as specified in the supplementary materials 

section, mechanical flexural rigidity can be deduced, which is equal to 0.57  0.02 eV for 

[n]CPPs, in good agreement with the typical values of SWCNTs, ranging between 0.6 and 1.4 

eV.30,55 Moreover, one can estimate the bulk modulus of the [n]CPPs at pressures below 𝑃𝑜𝑣𝑎𝑙
𝑛  

obtaining values larger than those of SWCNTs (see Figure S9c).  

 

3 Evolution of the structure with pressure. We now show detailed theoretical data from our 

high-pressure modeling of the [n]CPPs. First, we illustrate some of the shape changes due to 

pressure in Figure 6. 

 

3A Energy and volume evolution of the unit cell with pressure. Figure 7 shows that, for all 

studied [n]CPPs, the relative total unit cell energy increases while the relative unit cell volume 

decreases with increasing pressure (details on XRD structures can be seen in Table S6 -S7 and 

Figure S10) . As expected, the volume decreases faster for larger [n]CPPs since they are less 

strained and thus less resistant to the deformation.  

 

3B Ovalization and intramolecular torsions. One relevant structural feature of [n]CPPs is 

the distribution of conformations between neighboring benzene rings resulting from hydrogen- 

hydrogen steric repulsions forcing non-zero inter-phenyl torsions (θ) at room conditions (see 

insert in Figure 8a).44 These torsional angles affect the degree of -conjugation and 

quinonoidization in −conjugated molecules, with torsional angles near co-planarity indicating 

greater aromatic character. Given the reduction of symmetry at higher pressures, we computed 

the average torsions between adjacent phenyls and use them as a geometrical index to monitor 

the molecular level transformation. For all [n]CPPs, torsions increase with increasing pressure 

as shown in Figure 8a. Since small [n]CPPs (n=5-7) are more strained than the larger 

congeners, their torsions increase very slowly during compression. Conversely, for larger 

[n]CPPs (n=8, 9, 10 and 12) the inter phenyl torsions increase rapidly up to ~4 GPa as seen in 

Figure 8a. Above 4 GPa, for [n]CPPs (n=8, 9, 10 and 12), the torsional angles slightly decrease 

or remain constant with compression, implying that further compression will induce different 

molecular rearrangements. Similar trends occur for the maximum torsion angles, θmax, as 

shown in Figure S11. The flattening factor, f(P), conveniently measures the distortion from the 

approximately circular cross section: 



9 
 

         𝑓(𝑃) = 1 − 𝑏(𝑃)/𝑎(𝑃)        (2) 

where a and b are the major and minor molecular axis, respectively. We obtained a and b by 

measuring the longest and shortest carbon-carbon distances across the nanohoop. f(P) describes 

the deviation starting from a cylindrical shape at P=0.1 MPa to an oval (approximately 

ellipsoid) shape with increasing pressure, as shown in Figure 8b. 

 

For small [n]CPPs (n=5-7), this remains below 10% when compressed up to 10 GPa, 

while for the rest of [n]CPPs it rises up to as high as 40 % within the same pressure range. As 

expected, and proved by our spectroscopic results, these flattening data show that smaller 

[n]CPPs are more rigid and resistant to ovalization. For medium size [n]CPPs, with n=8 and 9, 

f(P) plateaus between 5 GPa and 7 GPa, and then it increases. This trend reveals that [8]CPP 

and [9]CPP show some resistance to deformation up to a certain pressure limit, above which 

the structure of the molecule collapses acquiring a more oval shape. Above these pressures the 

ovalization becomes the dominant response in contrast to the behaviors of the smaller [5]- and 

[6]CPP, where the decrease of bond length alternation (BLA, as per equation (3)) toward 

quinonoid structures becomes the dominant geometry response to pressure as illustrated in 

Figure 6a. In other words, depending on the molecular size, the reduction of unit cell volume 

with increasing pressure is achieved by a reduction of the BLA in the smaller [n]CPPs and by 

a conformational plus flattening response in the larger ones. The modeling of the larger 

[n]CPPs (with n=10 and 12) show a slight decrease of f(P) at pressures up to 1 GPa, and then 

between 1 and 5 GPa, f(P) rises to around 20%. Therefore, the process of ovalization in large 

[n]CPPs is first primed by torsional accommodations in which one pair or two pairs of phenyl 

units rotate toward the tubular axis as illustrated in Figure 6b and 6c, respectively. Then, further 

increase of pressure causes ovalization, indicated by the increase of f(P).  

 

3 C Aromaticity and high pressure. Aromaticity is directly affected by these various 

configurational changes, as measured by commonly used aromaticity indices including BLA, 

NICS and HOMA. BLA is defined as  

 𝐵𝐿𝐴 = Average(𝑟 + 𝑟2 − 𝑟1 − 𝑟′
1)          (3) 

Where r is the interring CC bond length 𝑟1 and 𝑟′
1 are the adjacent bonds and 𝑟2 is the 

following bond. This measure of aromaticity starts out with a large positive value of about  

0.045 to 0.055 Å at ambient pressures depending on the size of the [n]CPP. (Smaller positive 

values indicate a somewhat quinonoid character where the interring bond length, r, is smaller 
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and so is 𝑟2. )  A decrease of the BLA is observed for n=5, 6, and 7 down to 0.02 to 0.04 Å 

upon 10 GPa pressure. The behavior of BLA for the n>7 members of the series is more complex  

with an increase of BLA and thereby an initial increase of the aromaticity due to the increased 

dihedral angles which leads to a disruption of inter-ring conjugation. Further compression then 

leads to a decrease of the BLA interpreted as a localization of the -electrons in the highly 

ovalized CPP rings. The other aromaticity indices investigated are in line with the BLA index. 

For further discussion, see Figures S12 and S13 and the respective text in the SI.  

 

4. Reversibility of pressure treatment. This subsection focuses on the reversibility of the 

deformation response to high pressures in [n]CPPs. Figure 9 contains the Raman spectra of 

[8]CPP before and after pressure treatment. Further data on the other [n]CPPs are shown in 

Figures S15, S18. In all cases the down stroke path was done in about four pressure steps of 

about 1.5 to 2.5 GPa each. The Raman spectra of the recovered samples after decompression 

are compared with the Raman spectra of the pristine samples before pressure treatment. We 

find very different reversibility behaviors for the different [n]CPPs. The Raman hysteresis 

between the pristine and recovered samples is given in Figures 10, S16, and S17 for the most 

intense bands. The trend is that the pressure cycling shows more reversibility for larger [n]CPPs 

compared to the least reversible small CPPs. Irreversibility of [5]- and [6]CPP comes from the 

formation of new 𝜎-bonds leading to new phases with aggregation and polymerization of the 

CPP molecules that start to occur around 6 GPa. 21, 22 The Raman spectra of [n]CPPs shown in 

Figures S14 and S18 indicate that the spectra are irreversible after application of pressure for 

n=5, 6, and 8 while the spectra of [7]CPP, [9]CPP, [10]CPP, and [12]CPP are almost 

completely reversible in the pressure range studied. Since formation of new bonds are not 

predicted by the computer simulations for [n]CPPs with n>6 in the pressure range analyzed, it 

is natural to conclude that the structures of the remaining [n]CPPs are reversible and there are 

no permanent structural transformation resulting from the high pressure deformation. Figure 

11a shows an example of reversible shape deformation of [10]CPP through ovalization. 

[7]CPP, [9]CPP, and [12]CPP also display similar structural reversibility. Therefore, the size 

of the [n]CPPs affects their pressure response in a way that the small rigid nanohoops reduce 

the strain energy by irreversible 𝜎-bond formation. The larger and softer nanohoops undergo 

reversible ovalization as indicated by the spectroscopy and modeling. Similar 𝜎-bond 

formation will likely occur also for the larger CPPs at even higher pressures.  
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We find that [8]CPP behaves differently than the rest of the [n]CPPs for n>6 both in 

the spectroscopy and in the modeling. For [8]CPP the p-RBM of the pristine sample (green in 

Figure 9) vanished upon pressure treatment. Simultaneously, two new features around 250 and 

300 cm−, and a new very weak peak around 450 cm− (pink in Figure 9) emerge. Our 

vibrational calculation shows a new band at 447 cm− and very weak bands at 247 and 313 

cm− (see Figure S18 for the recovered system). The experimental spectra also show two 

shoulders at 1200 and 1280 cm− only for the pristine samples which are also present in the 

calculation. Since the irreversible frequency shifts upon pressure for [8]CPP are small 

compared to those of [5]- and [6]CPP, we exclude the development of 𝜎-bonds in [8]CPP. An 

alternative mechanism of irreversibility appeared in the modeling in terms of the evolution of 

the dihedral angles up to 90 degrees of two phenyl units as illustrated in Figure 11b. At 

pressures around 𝑃𝑜𝑣𝑎𝑙
𝑛  the optimized geometry of [8]CPP contains a unique alignment where 

four benzene units represented in in Figure 8c in yellow (A) point towards the minor axis and 

four blue benzene units (Q) are distributed along the major axis (4A+4Q). This structure is 

denoted as Phase 1 is the ambient pressure XRD structure.19 Detailed pressure dependence of 

the key structural parameters in the modelling of [8]CPP in a pressure increasing and releasing 

cycle with a maximum pressure of 10 GPa is shown in Figure S19. 

However, above 𝑃𝑜𝑣𝑎𝑙
𝑛 , a different conformation with an approximate distribution of 

2A+6Q emerges as illustrated in Figure 11b. We denote the 4A+4Q conformation as Phase 1. 

This high-pressure conformation, shown also in Figure 11b, is denoted as Phase 2. When the 

pressure is released from above 𝑃𝑜𝑣𝑎𝑙
𝑛 , the Phase 2 molecules keep their conformation and do 

not return to Phase 1. The explanation for such irreversibility is that the 2A+6Q conformer 

(Phase 2) has dihedral angles close to 90° resulting in a tighter intermolecular packing. The 

irreversibility of the Raman spectra of [8]CPP is thus due to the unique circumstance of the 

hindered rotation in Phase 2, a circumstance that is not present in the other [n]CPPs. We note 

that when P ≥ 8GPa, the molecules in Phase 2 have a smaller BLA and smaller torsion values 

indicating an overall more quinonoid structure compared to that in Phase 1. This phase remains 

stable up to at least the limit of the simulation at 10 GPa. 

CONCLUSIONS 

The combination of experimental Raman and DFT modeling of the molecular phases 

of [n]CPP nanohoop molecules under high pressure reveal unique trends in their shapes and 

electronic structures. Accordingly, for the larger [n]CPPs with n≥7 the molecular phase 
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remains stable and there is no evidence for new intra- or intermolecular bond formation up to 

10 GPa. The process of pressurization is reversible except for the special case of [8]CPP. Based 

on their elastic response to pressure, [n]CPPs can be qualitatively divided into two categories: 

rigid and soft. The group of rigid [n]CPPs includes [5]CPP21, [6]CPP22, and [7]CPP. These 

molecules display a stronger resistance to the pressure-induced deformations, which is related 

to their partially quinonoid structures. The soft [n]CPP group contains [8]CPP, [9]CPP, 

[10]CPP, and [12]CPP in which the molecules are more easily deformed into an oval shape, 

characterized by large torsions and flattening factors. In this work, [9]CPP, [10]CPP, and 

[12]CPP show significant cylindrical-to-oval deformations beyond the respective critical 

ovalization pressures. 

The behavior of [8]CPP is between those of the “soft” and “rigid” nanohoops because 

its pattern of torsions among the benzene rings is unique and different from the other soft 

[n]CPPs. Two conformers were found in the geometry optimizations of [8]CPP. The 

conformation with large dihedral angles near 90° is reached at about 8 GPa. Computational 

modeling indicates that the structure is kinetically stuck in this hindered conformation when 

the external pressure is released. This provides a new mechanism of irreversibility during high 

pressure treatment of organic materials and this mechanism is well correlated with the 

experimental spectra. 

A key confirmation of our modeling comes from the observation that there is a 

particular characteristic pressure for each [n]CPP where the change of pressure coefficients 

occurs. Based on the computations and experiments, we identify these critical pressure values, 

𝑃𝑜𝑣𝑎𝑙
𝑛 , as associated with the beginning of a significant degree of ovalization. The existence of 

a single 𝑃𝑜𝑣𝑎𝑙
𝑛  value for each n, independent from the vibrational modes confirms the validity 

of our modeling of [n]CPPs under pressure. It reveals the fact that 𝑃𝑜𝑣𝑎𝑙
𝑛  is associated with an 

intramolecular property of conformational origin and therefore affects more or less uniformly 

the whole molecule and consequently affects all their vibrational modes at the same ovalization 

pressure.  

An additional general observation based on the trends found in this work for the [n]CPP 

series is that at high pressures in organic materials with herringbone packing, intermolecular 

σ-bond formation is hindered up to higher pressures than in the case of tubular packing. This 

is due to the larger intermolecular C…C contact distances in these herringbone structures, and 
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therefore higher pressures would be required to initiate the intermolecular bond formation. 

Encapsulation of guest molecules may affect this mechanism. 

ASSOCIATED CONTENT 

Supplementary information   

The Supporting Information is available free of charge on the ACS Publications website. It 

contains: the Raman band assignments at ambient pressure,  the S1 and S2 coefficients as a 

function of n for the 1250 cm-1 bands, ccomparison of G bands of [n]CPPs, SWCNTs and 

[n]LPPs, analysis of the Raman spectra as a function of pressure, [n]CPPs radial deformation 

modulus, crystal packing information, computed pressure dependent maximum torsions,  

aromaticity parameters as a function of pressure, aanalysis of the Raman spectra of the samples 

after decompression, and analysis of selected mode Grüneisen parameters. 
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Figure 1. Chemical formula of [n]CPP nanohoops, n=5-12, in the context of the objectives of this 

research. n=s+9 is illustrated.  
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Figure 2. The experimental Raman spectra of [n]CPPs at selected pressures taken with the 785 nm excitation laser, 
increasing pressure from the bottom to the top. The left column corresponds to the low frequency region with peaks 
normalized to 1/5th of the intensities of the G bands. The right column corresponds to the high frequency region with 
intensities normalized to the G bands. The GA1g and GE2g contributions are shown in red and blue, respectively. Pink 

and green areas correspond to the 1200 and 1280 cm− bands, respectively. In the low frequency region the green 
areas indicate the p-RBM and the purple lines correspond to the RBM. The pressure calibrant band is in the gray 
region. Colored vertical dashed lines are used to denote different low intensity modes: red bar correspond to the Radial 

Flexural mode (RFM); grey, purple and dark green bars to the 610, 673 and 750 cm−1 E2g modes, respectively; light 

green and light blue bars are used for the 973 cm−1 and 805 cm−1 A2g modes; and the orange one to the E2g at 836 

cm−1. 
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Figure 3. Pressure dependence of the Raman shifts in the 1200-1600 cm− region for the [n]CPPs. 
Experimental (the first and the third column) and the computed (the second and fourth column). Only the 
molecular phase data are presented as discussed. Red diamonds, correspond to the GA1g band and 

blue triangles  to the GE2g band, cyan circles  1190 cm− E2g; pink diamonds  1200 cm− A1g; orange 

crosses 1250 cm− E2g; green squares  1280 cm− A1g; purple filled triangles 1290 cm− E1g. Solid 
lines correspond to the data fitting to eq. 1. 
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Figure 6. DFT optimized size-dependent compression behaviors of CPPs due to external pressure in the molecular 
phase. (a) The aromatic character of small CPPs changes to partially quinonoid; the n=5 case is illustrated. (b) In 
the larger [n]CPPs pairs of phenyl units rotate toward the axis. The case of n=8 is illustrated here showing one pair 
of such rotation. For n=9, 10 and 12 two pairs rotate as illustrated in (c). 

  
Figure 7. Computed pressure dependent energetics and volumes in the modeling of [n]CPPs (n=5~10 and 12). (a) 
Relative total energy per pair of molecules. (b) Percentage reduction of the unit cell volume with respect to the V0 
volume of each [n]CPP at P=0. 
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Figure 9. The experimental Raman spectra of [8]CPP before and after pressure treatment with maximum pressure 
of 11 GPa. (a) 200 – 1100 cm-1 and (b) 1100 – 1700 cm-1. 

  
 

 

 

Figure 8. Geometrical parameters as a function of pressure obtained from the DFT optimized structures for 

[n]CPPs (n=5~10 and 12).(a) Average torsions (θ, inset shows and torsional angle (θ) between two neighboring 

phenyl units). (b) Flattening factors, f, inset shows the major and minor axis of [8]CPP a (red) and b (green), 

respectively. (c) DFT optimized phenyl alignments at 𝑃𝑜𝑣𝑎𝑙
𝑛 . The blue filled ellipses represent quinonoid 

units (Q), and the yellow filled ellipses represent the more aromatic units (A). 
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Figure 11. DFT optimized structures on pressure cycling. (a) Reversible for [10]CPP. (b) Irreversible 
for [8]CPP. 
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Figure 10. Experimental differences in the Raman shifts between the decompressed samples released from about 10 GPa to 

ambient pressure and the pristine sample. (a) G modes, and (b) five modes between 1170 and 1310 cm-1. 
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Methods 

Experimental section: [7]- to [12]CPP. [n]CPPs with n = 8, 9, 10, 11, and 12 were provided 

by Yamago et al., and were synthesized by using a synthetic strategy through multinuclear 

arylplatinum complexes. [7]CPP was provided by Jasti et al., synthesized through Suzuki – 

Miyaural cross-coupling/ macrocyclization to generate macrocycles and their consecutive 

reduction routes. 15 Raman measurements at ambient and approximately hydrostatic high 

pressure conditions were conducted with a Senterra dispersive Raman spectrometer from 

Bruker with a 785 nm excitation wavelength with a standard spectral resolution of 3 cm−1. 

Pressure studies were conducted in a sapphire anvil cell (SAC) with anvils of a diameter culet 

of 380 m. Pressures up to 12 GPa were reached, although for each [n]CPP the maximum 

pressure achieved was slightly different. No pressure transmitting medium was used and 

diamond chips were employed as pressure calibrant. 56  

 

For all Raman spectra the background has been removed, setting the baseline at zero before 

any further spectral analysis is done. Second derivative analyses of the spectra have been done 

to obtain the maxima. These maxima are used as initial values of the fitting with a sum of 

Lorentzian curves, as reported elsewhere,57 and where the full width half maximum (FWHMs) 

ranges between 8 and 40 cm−. We consider the areas of the bands as the measured intensities. 

 

 

II.2 Computational modeling: The Density Functional Theory (DFT) based crystal modeling 

is based on the Quantum Espresso (QE) package58, 59 that includes hydrostatic (isotropic) 

pressure as an explicit input parameter. We used PBE58,59as the density functional combined 

with the Rappe-Rabe-Kaxiras-Joannopoulos ultrasoft pseudopotential60, 61 and a plane wave 

basis set with a 47 Ry cutoff. For each pressure between 0 and 10 GPa, we performed full 

geometry optimizations using the default convergence criteria. With the optimized geometries 

obtained at each P value, we calculated the vibrational frequencies at the frozen geometries 

with the Gaussian 09 package.62 For the theoretical vibrational spectra, we used the B3LYP/6-

31G(d) model chemistry with non-resonant Raman intensities. A uniform scaling factor of 0.95 

was used for all calculated frequencies.  

Tables S1 and S2 include the unit cell parameters, packing type, and molecular structure 

parameters obtained both from the single X-ray diffraction and the optimized geometries for 

all [n]CPPs we investigated. Good agreements between the experiments and our computations 

provide the basis for the presented modeling under high pressure. 
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