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Experimental details

1.1 Materials and measurements

All reagents and solvents used for research were commercially available, purchased from Tokyo 
Chemical Industry, Alfa Aesar and Thermo Fisher Scientific. Normally, all reactions were 
performed under anhydrous conditions formed in sealed oven-dried glassware, within an 
atmosphere of nitrogen (purged/charged with vacuum/nitrogen for three times). Oven-dried 
magnetic stir bars were also added to reaction vessels. Nuclear Magnetic Resonance (NMR) 
measurements were carried out on the Bruker AVIII 400 and HD400 spectrometer. 1H-NMR 
spectra were recorded at 400 MHz and 13C-NMR spectra were recorded at 101 MHz. High-
resolution mass spectrometry (HRMS) was carried out on Waters Synapt G2-Si High-Definition 
Mass Spectrometer. 

1.2 Synthesis

NDI-C10 Synthesis 

2,7-Didecylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (NDI-C10) 
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Scheme S1. Synthetic route of NDI-C10.

A mixture of 1,4,5,8-naphthalenetetracarboxylic dianhydride (1.34 g, 5.00 mmol) and 1-
decylamine (1.97 g, 12.50 mmol) was added to a 50 mL round bottomed flask (oven dried). 
Nitrogen was injected into the flask for 30 minutes. Then N,N-dimethylformamide (12.5 mL) was 
added into the mixture and the mixture was stirred at 170 °C for 24 h. After this time, the reaction 
was cooled to ambient temperature, poured into methanol and light pink solid appeared. Then 
the crude product was filtered and recrystallised from dichloromethane/ethanol to give the 
product as light pink solid (2.45 g, 90%). 

1H-NMR (400 MHz, CDCl3) δ 8.75 (s, 4H), 4.22-4.15 (m, 4H), 1.73 (dt, J = 15.3, 7.5 Hz, 4H), 1.48-
1.19 (m, 28H), 0.87 (t, J = 6.9 Hz, 6H). 13C-NMR (101 MHz, CDCl3) δ 162.9, 130.9, 126.7, 126.6, 
41.0, 31.9, 29.6 (× 2), 29.4, 29.3, 28.1, 27.1, 22.7, 14.2.
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Figure S1. 1H-NMR of NDI-C10.
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Figure S2. 13C-NMR of NDI-C10.

NDI-TEG Synthesis 

2,7-Bis(2-(2-(2-methoxyethoxy)ethoxy)ethyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-
tetraone (NDI-TEG) 
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Scheme S2. Synthetic route of NDI-TEG.

A mixture of 1,4,5,8-naphthalenetetracarboxylic dianhydride (102 mg, 0.38 mmol) and 2-(2-(2-
methoxyethoxy)ethoxy)ethanamine (155 mg, 0.95 mmol) was added to a microwave tube (10 
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mL, oven dried). Nitrogen was injected into the tube for 30 minutes. Then N,N-
dimethylformamide (4 mL) was added into the mixture and the mixture was stirred at 170 °C for 
24 h. After this time, the reaction was cooled to ambient temperature, poured into 0.5 M HCl 
(aq., 20 mL) and stirred for 30 minutes. Then the filtrate was extracted with ethyl acetate (3 × 50 
mL) and the organic layer was washed with brine (3 × 100 mL), dried over anhydrous magnesium 
sulfate and evaporated to dryness. Crude product was purified by silica gel column 
chromatography using hexane/ethyl acetate as an eluent to obtain light yellow solid (130 mg, 
61%). NDI-TEG crystals suitable for single-crystal XRD analysis were obtained by slow cooling of 
a solution of NDI-TEG in methanol.

1H-NMR (400 MHz, CDCl3) δ 8.76 (s, 4H), 4.47 (t, J = 5.9 Hz, 4H), 3.85 (t, J = 5.9 Hz, 4H), 3.71 (dd, 
J = 5.8, 3.7 Hz, 4H), 3.64-3.56 (m, 8H), 3.48-3.44 (m, 4H), 3.32 (s, 6H). 13C-NMR (101 MHz, CDCl3) 
δ 162.8, 130.9, 126.7, 126.6, 71.9, 70.6, 70.5, 70.1, 67.8, 58.9, 39.6. HRMS: (ESI) m/z calcd. for 
C28H34N2O10 [M+Na]+ 581.2111; found 581.2126.

Figure S3. 1H-NMR of NDI-TEG.
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Figure S4. 13C-NMR of NDI-TEG.

NDI-crown Synthesis 

2,7-bis((1,4,7,10,13-pentaoxacyclopentadecan-2-yl)methyl)benzo[lmn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone (NDI-crown) 
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Scheme S3. Synthetic route of NDI-crown

Under normal atmospheric conditions, 2-aminomethyl-15-crown-5 (1.00 g, 4.01 mmol) was 
weighed into a 50 mL round bottomed flask, to which 1,4,5,8-naphthalenetetracarboxylic 
dianhydride (537 mg, 2.00 mmol) and isopropanol (20 mL) were added. The apparatus was fitted 
with a reflux condenser and the suspension was heated to 105 °C and stirred at this temperature 
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for 2 h. After this time, a hot filtration was performed on the resulting suspension, and the solid 
was washed with diethyl ether until washings ran clear (50 mL), to give the product NDI-crown 
as an off-white solid (1.04 g, 71%). All attempts to grow single crystals of suitable size for XRD 
analysis were unsuccessful in our hands.

1H-NMR (400 MHz, CDCl3): δ 8.75 (s, 4H), 4.41 (dd, J = 13.2 Hz, 6.2 Hz, 2H), 4.32 (dd, J = 13.2 Hz, 
6.2 Hz, 2H), 4.08-4.02 (m, 2H), 3.86-3.75 (m, 6H), 3.71-3.55 (m, 30H). 13C-NMR (101 MHz, CDCl3): 
δ 163.1, 131.1, 126.9, 126.8, 72.8, 71.2, 71.0, 70.9 (× 2), 70.7, 70.6 (× 2), 70.3, 41.6. HRMS: (ESI) 
m/z calcd. for C36H46N2O14 [M+H]+ 731.3027; found 731.3069.

Figure S5. 1H-NMR of NDI-crown.
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Figure S6. 13C-NMR of NDI-crown.
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1.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out on a TA instruments Q500 at the heating rate 
of 10 °C·min-1 under a nitrogen atmosphere.

Figure S7. TGA curves for a) NDI-C10, b) NDI-TEG and c) NDI-crown.

1.4 Differential scanning calorimetry

Differential scanning calorimetry (DSC) was carried out on a Perkin Elmer DSC4000. The materials 
were heated from 0.00 °C to 300.00 °C at 10 °C·min-1, then cooled from 300.00 °C to 0.00 °C at 
10 °C·min-1.

Figure S8. DSC curves for a) NDI-C10, b) NDI-TEG and c) NDI-crown.
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1.5X-ray diffraction

Figure S9. Thin film X-ray diffraction drop-cast from 5 mg·mL−1 in chloroform onto Si single crystal 
wafers of a) NDI-C10, b) NDI-TEG and c) NDI-crown.

Growth of single crystals

NDI-TEG: A small amount of methanol was added to NDI-TEG in a sample vial, followed by 
gradually increasing temperature until the material fully dissolved. The solution was then cooled 
down extremely slowly to room temperature. This afforded a suitable single crystal for X-ray 
analysis.

NDI-Crown: Several unsuccessful attempts at growing single crystals were made: 1) Slow cooling: 
A small amount of methanol was added to NDI-crown in a sample vial, followed by gradually 
increasing temperature until the material fully dissolved. The solution was then cooled down 
extremely slowly to room temperature; 2) Vapor diffusion: A small amount of NDI-crown was 
dissolved in dichloromethane and placed in a small sample vial, which was then sealed inside a 
larger vial containing a large amount of hexane. The system was left at room temperature for 
several days; 3) Liquid-liquid diffusion: NDI-crown was dissolved in a small amount of chloroform 
and placed in an NMR tube, followed by the slow addition of the antisolvent hexane along the 
tube wall. The NMR tube was then left undisturbed for many days. However, the solids 
precipitated on the tube walls were powdery. In addition, several other solvent systems, such as 
dichloromethane/hexane, chloroform/methanol, dichloromethane/methanol, were also tried 
but proved unsuccessful.

NDI-TEG crystal structure.

A clear colourless prism-like specimen of C28H34N2O10, approximate dimensions 0.040 mm x 0.120 
mm x 0.520 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data were 
measured at 298 K on a Bruker Apex-2 Duo diffractometer equipped with a Triumph 
Monochromator.
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A total of 2329 frames were collected. The total exposure time was 6.47 hours. The frames were 
integrated with the Bruker SAINT software package using a narrow-frame algorithm. The 
integration of the data using a monoclinic unit cell yielded a total of 6693 reflections to a 
maximum θ angle of 57.25° (0.92 Å resolution), of which 1784 were independent (average 
redundancy 3.752, completeness = 97.9%, Rint = 7.03%, Rsig = 6.08%) and 1347 (75.50%) were 
greater than 2σ(F2). The final cell constants of a = 28.537(3) Å, b = 4.4658(5) Å, c = 22.054(2) Å, β 
= 106.505(8)°, volume = 2694.8(5) Å3, are based upon the refinement of the XYZ-centroids of 
2454 reflections above 20 σ(I) with 6.460° < 2θ < 113.0°. Data were corrected for absorption 
effects using the multi-scan method (SADABS). The ratio of minimum to maximum apparent 
transmission was 0.619. The calculated minimum and maximum transmission coefficients (based 
on crystal size) are 0.6562 and 0.9632. 

The structure was solved and refined using the Bruker SHELXTL Software Package, using the space 
group C 1 2/c 1, with Z = 4 for the formula unit, C28H34N2O10. The final anisotropic full-matrix 
least-squares refinement on F2 with 182 variables converged at R1 = 6.30%, for the observed data 
and wR2 = 18.97% for all data. The goodness-of-fit was 1.057. The largest peak in the final 
difference electron density synthesis was 0.273 e-/Å3 and the largest hole was -0.277 e-/Å3 with 
an RMS deviation of 0.058 e-/Å3. On the basis of the final model, the calculated density was 1.377 
g/cm3 and F(000), 1184 e-.

Table S1.  Crystal data and structure refinement for NDI-TEG.

Identification code NDI-TEG
Empirical formula C28 H34 N2 O10
Formula weight 558.57
Temperature 298(2) K
Wavelength 1.54184 Å
Crystal system Monoclinic
Space group C 2/c
Unit cell dimensions a = 28.537(3) Å a= 90°.

b = 4.4658(5) Å b= 106.505(8)°.
c = 22.054(2) Å g = 90°.

Volume 2694.8(5) Å3

Z 4
Density (calculated) 1.377 Mg/m3

Absorption coefficient 0.880 mm-1

F(000) 1184
Crystal size 0.523 x 0.120 x 0.043 mm3
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Theta range for data collection 3.230 to 57.252°.
Index ranges -29<=h<=30, -4<=k<=3, -24<=l<=23
Reflections collected 6693
Independent reflections 1784 [R(int) = 0.0703]
Completeness to theta = 57.252° 97.9 % 
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.751 and 0.465
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 1784 / 0 / 182
Goodness-of-fit on F2 1.057
Final R indices [I>2sigma(I)] R1 = 0.0630, wR2 = 0.1734
R indices (all data) R1 = 0.0850, wR2 = 0.1897
Extinction coefficient 0.0007(2)
Largest diff. peak and hole 0.273 and -0.277 e.Å-3
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Table S2.  Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2 x 
103) for NDI-TEG.  U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.
______________________________________________________________________________
__

x y z U(eq)
______________________________________________________________________________
__
O(1) 3557(1) 1613(6) 4716(1) 67(1)
O(2) 2275(1) 4831(6) 3119(1) 66(1)
O(3) 3774(1) 5215(5) 3492(1) 52(1)
O(4) 4835(1) 6767(6) 3779(1) 73(1)
O(5) 5688(1) 7326(7) 3333(1) 92(1)
N(1) 2930(1) 3344(6) 3907(1) 47(1)
C(1) 3198(1) 3174(7) 4547(1) 47(1)
C(2) 3018(1) 4977(6) 4999(1) 43(1)
C(3) 2589(1) 6648(7) 4785(1) 40(1)
C(4) 2319(1) 6700(7) 4134(1) 43(1)
C(5) 2498(1) 4916(7) 3680(1) 48(1)
C(6) 3269(1) 4958(7) 5631(1) 50(1)
C(7) 1901(1) 8367(8) 3941(1) 51(1)
C(8) 3107(1) 1620(7) 3441(1) 52(1)
C(9) 3370(1) 3665(8) 3092(1) 54(1)
C(10) 4184(1) 3349(8) 3747(2) 61(1)
C(11) 4593(1) 5120(8) 4148(2) 64(1)
C(12) 5295(1) 7864(9) 4128(2) 67(1)
C(13) 5521(1) 9451(9) 3696(2) 77(1)
C(14) 5801(2) 8353(16) 2812(2) 136(2)
______________________________________________________________________________
__
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Table S3.   Bond lengths [Å] and angles [°] for NDI-TEG.
_____________________________________________________
O(1)-C(1) 1.207(3)
O(2)-C(5) 1.219(3)
O(3)-C(9) 1.416(4)
O(3)-C(10) 1.418(4)
O(4)-C(12) 1.407(4)
O(4)-C(11) 1.413(4)
O(5)-C(14) 1.358(5)
O(5)-C(13) 1.409(4)
N(1)-C(5) 1.382(4)
N(1)-C(1) 1.403(4)
N(1)-C(8) 1.485(3)
C(1)-C(2) 1.481(4)
C(2)-C(6) 1.375(4)
C(2)-C(3) 1.397(4)
C(3)-C(3)#1 1.416(5)
C(3)-C(4) 1.423(4)
C(4)-C(7) 1.368(4)
C(4)-C(5) 1.480(4)
C(6)-C(7)#1 1.396(4)
C(8)-C(9) 1.523(4)
C(10)-C(11) 1.477(5)
C(12)-C(13) 1.474(5)

C(9)-O(3)-C(10) 113.2(3)
C(12)-O(4)-C(11) 113.6(2)
C(14)-O(5)-C(13) 116.9(4)
C(5)-N(1)-C(1) 124.7(2)
C(5)-N(1)-C(8) 117.1(2)
C(1)-N(1)-C(8) 118.2(2)
O(1)-C(1)-N(1) 121.0(3)
O(1)-C(1)-C(2) 122.1(2)
N(1)-C(1)-C(2) 116.8(2)
C(6)-C(2)-C(3) 119.9(3)
C(6)-C(2)-C(1) 119.9(2)
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C(3)-C(2)-C(1) 120.2(2)
C(2)-C(3)-C(3)#1 120.5(3)
C(2)-C(3)-C(4) 121.2(3)
C(3)#1-C(3)-C(4) 118.2(3)
C(7)-C(4)-C(3) 119.8(3)
C(7)-C(4)-C(5) 121.3(2)
C(3)-C(4)-C(5) 118.9(2)
O(2)-C(5)-N(1) 120.5(3)
O(2)-C(5)-C(4) 121.5(3)
N(1)-C(5)-C(4) 118.0(2)
C(2)-C(6)-C(7)#1 120.1(3)
C(4)-C(7)-C(6)#1 121.4(3)
N(1)-C(8)-C(9) 110.7(2)
O(3)-C(9)-C(8) 114.1(2)
O(3)-C(10)-C(11) 110.2(3)
O(4)-C(11)-C(10) 111.5(3)
O(4)-C(12)-C(13) 109.1(3)
O(5)-C(13)-C(12) 108.9(3)
_____________________________________________________________
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1/2,-y+3/2,-z+1 
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Table S4.   Anisotropic displacement parameters (Å2 x 103) for NDI-TEG.  The anisotropic
displacement factor exponent takes the form: -2p2[ h2a*2U11 + ... + 2 h k a* b* U12 ]
______________________________________________________________________________

U11 U22 U33 U23 U13 U12

______________________________________________________________________________
O(1) 59(1) 83(2) 57(1) 4(1) 16(1) 23(1)
O(2) 62(1) 91(2) 42(1) -4(1) 9(1) 10(1)
O(3) 47(1) 56(2) 55(1) -3(1) 17(1) 0(1)
O(4) 55(1) 96(2) 64(1) 16(1) 12(1) -7(1)
O(5) 101(2) 109(2) 78(2) 21(2) 43(2) 21(2)
N(1) 43(1) 56(2) 43(1) -1(1) 14(1) 0(1)
C(1) 39(2) 56(2) 47(2) 7(1) 12(1) 2(2)
C(2) 35(2) 52(2) 41(2) 7(1) 10(1) -1(1)
C(3) 34(1) 46(2) 40(2) 7(1) 12(1) -6(1)
C(4) 37(2) 54(2) 39(2) 8(1) 12(1) -3(1)
C(5) 45(2) 56(2) 42(2) 4(1) 12(1) -5(2)
C(6) 39(2) 64(2) 46(2) 8(2) 8(1) 4(2)
C(7) 45(2) 69(2) 36(2) 4(1) 7(1) 0(2)
C(8) 52(2) 54(2) 51(2) -10(1) 14(1) -4(2)
C(9) 52(2) 68(2) 44(2) -6(2) 19(1) -1(2)
C(10) 46(2) 69(2) 70(2) 1(2) 20(2) 6(2)
C(11) 59(2) 78(3) 58(2) 9(2) 21(2) 5(2)
C(12) 51(2) 75(3) 76(2) -5(2) 18(2) -1(2)
C(13) 63(2) 74(3) 95(3) 10(2) 23(2) 0(2)
C(14) 162(5) 173(6) 80(3) 29(3) 44(3) 5(5)
______________________________________________________________________________

16



Table S5.   Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2 x 103)
for NDI-TEG.
______________________________________________________________________________
__

x y z U(eq)
______________________________________________________________________________
__
H(6) 3553 3827 5774 60
H(7) 1727 8385 3515 61
H(8A) 2832 671 3139 63
H(8B) 3328 60 3657 63
H(9A) 3484 2474 2794 64
H(9B) 3139 5119 2851 64
H(10A) 4285 2425 3406 73
H(10B) 4097 1770 3997 73
H(11A) 4468 6490 4407 77
H(11B) 4824 3786 4428 77
H(12A) 5502 6217 4330 81
H(12B) 5257 9221 4454 81
H(13A) 5283 10767 3420 92
H(13B) 5792 10660 3938 92
H(14A) 5910 6716 2604 204
H(14B) 5516 9247 2528 204
H(14C) 6056 9821 2936 204
______________________________________________________________________________
__
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2 Computational details

Details of the re-parameterized force fields are included in separated data file for each NDI 
species.

NDI-C10

Table S6: Experimental and computed cell properties of NDI-C10. The computed values have 
been obtained imposing isotropic ("iso") and anisotropic ("tri") cell fluctuations. Error with 
respect to the experimental value in brackets

EXPTL. XRD NPT 300K 1 atm 
iso

NPT 300K 1 atm tri

Density (g/cm^3) 1.179 1.185 1.263 (6.86%)

a edge(Å) 38.00 37.94 (0.53%) 35.95 (5.55%)

b edge (Å) 52.40 52.31 (0.17%) 54.29 (3.55%)

c edge(Å) 206.33 205.97 (0.17%) 198.04 (4.10 %)

α angle 94.36 94.36 (0%) 96.13 (1.86%)

β angle 95.18 95.18 (0%) 85.72 (10.46%)

γ angle 104.43 104.43 (0%) 106.50 (1.96 %)
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Figure S10. ζ angle dihedral distribution function of NDI-C10.
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NDI-TEG

Table S7: Experimental and computed cell properties of NDI-TEG. The computed values have 
been obtained imposing anisotropic cell fluctuations. Error with respect to the experimental 
value in brackets.

EXPTL. XRD NPT 300K 1 atm

Density (g/cm^3) 1.376 1.410 (2.48%)

a edge (Å) 142.69 138.74 (2.80%)

b edge (Å) 22.33 22.45 (0.55%)

c edge (Å) 110.27 110.14(0.12 %)

α angle 90.0 90.006 (0.006%)

β angle 106.51 106.61 (0.09%)

γ angle 90.0 90.003 (0.003 %)
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Figure S11. ζ angle dihedral distribution function of NDI-TEG.
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Nematic order parameter (Q, see equation 3 in the main text) for NDI-crown.

Figure S12. Nematic order parameter computed in the last 10 ns of the NPT 300K dynamics of 
NDI-crown.
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Calculation of the reorientation time

The time correlation function is define d as 

𝑅(𝑡) =< 𝑃2[𝑝⃗(0)𝑝⃗(𝑡)] > #(4)

where  is the Legendre polynomial of degree two and  is the positional vector either parallel 𝑃2 𝑝⃗

or normal to the NDI core (Figure 5b in the main text). The average runs over the number of 

molecules.  ranges from , when the vector becomes orthogonal to its initial direction, to 𝑅(𝑡)
‒
1
2

1, when the vector is parallel or antiparallel to its initial direction. From the correlation function, 
the reorientation time  can be then extracted as𝜏𝑟𝑒𝑜𝑟

𝜏𝑟𝑒𝑜𝑟=
∞

∫
0

𝑅(𝑡)𝑑𝑡#(5)

To meaningfully estimate the reorientation time (if any), the correlation function should decay 
to zero within the simulation window, providing a sufficient long simulation time covering the 
internal relaxations, or giving a system characterized by remarkable relaxation dynamics.1 In our 
simulations, the  computed for NDI-C10 and NDI-TEG is constant and assumes a high value 𝑅(𝑡)

of 0.99, correctly reflecting the hindered orientational dynamics typical of rigid crystal structures 
(Figure S13, ESI). Interestingly, for NDI-crown  rapidly decays in the first 5 ns, however 𝑅(𝑡)

maintaining a high value (larger than 0.90) still after 30 ns dynamics (Figure S13, ESI). Such trend 
reflets that molecular reorientations, though partially allowed, are strongly hindered also for the 
case of NDI-crown. Full reorientation, if any, might occur however on a timescale much longer 
than our capable computing time, suggesting a rigid, glassy-like state.2 We extended this analysis 
also to vectors describing the rotation of the 15-crown-5 side chain relative to the molecular core. 
Even for such cases, the correlation function  remains high throughout the simulation 𝑅(𝑡)

window, reinforcing the interpretation of limited internal dynamics, suggesting a glassy state for 
NDI-crown.
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Figure S13. Time-dependent correlation function R(t) (also defined as C2(t) in Ref. D. Laage, G. 
Stirnemann, F. Sterpone, R. Rey and J. T. Hynes, Annu. Rev. Phys. Chem., 2011, 62, 395–416) see 
equation 4 in the main text. The vectors used to compute the auto-correlation function are those 
parallel to the NDI cores (Figure 5b main text).
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Construction of the NDI-crown box

We considered 500 NDI-crown molecules. The box has been built via Packmol3. We considered 
4 initial conformations reported in figure 5. The geometry of each conformer has been 
optimized at the B97X-D2/def2TZVPP4,5 level of theory. The initial number of molecules 
representing each conformation has been computed through a Maxwell distribution. 
Importantly, we checked that the population obtained after the MD simulation is stable upon 
further increase of the simulation time.

Figure S14. Starting conformations of NDI-crown.
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