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1 Computational details

1.1 Constrained ab initio molecular dynamics and blue-moon en-

semble

Free energy profiles of H bonding were computed using the blue-moon ensemble method, by
integrating constraint forces sampled over constrained ab initio molecular dynamics (AIMD)
simulations along predefined reaction coordinates. Constrained AIMD simulations were per-
formed with the Vienna ab initio simulation package (VASP), version 5.4.4,% using the pro-
jector augmented wave treatment of core-valence interactions®® with the Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation® for the exchange-correlation energy.
DFT-D3 method of Grimme et al. was employed for vdW-dispersion energy corrections.”
Different combinations of amine or hydroxyl-containing small molecules, shown in Figure
S1, were used in all simulations as molecular proxies to approximate H bond acceptors and
donors in PEL A 15 A x 15 A x 15 A cubic supercell was used to accommodate each ac-
ceptor/donor pair. The Brillouin zone was sampled at the I'-point only with a energy cutoff
of 400 eV. All hydrogen atoms were substituted by deuterium to allow a time step of 1ps.
For each time step, the electronic energy was converged to 107* eV. 10 ps of NVT AIMD
simulations at 298 K using a Nosé-Hoover thermostat® were run to pre-equilibrate structures
before initiating constrained AIMD. The acceptor-donor distances are fixed in each simula-
tion and the constraint forces were averaged over the final 8 ps of the 10ps trajectories to
obtain the free energy profiles. Free energy profiles are shown as smooth curves based on
cubic spline data interpolation of discrete data points, exampled in Figure S2. To assess the
accuracy of PBE+D3 for capturing H bond interactions, we performed Constrained AIMD
simulations but with SCAN functional® for two H bonds, one involving only amines and the
other involving a amine-hydroxyl pair. As shown in Figure S3, the discrepancy between bond

formation energies predicted by PBE+D3 and SCAN is small. In specific, SCAN consistently



predicts slightly lower bond formation energies compared to PBE+D3, by only ~ 2 kJ/mol,
suggesting that the free energy profiles determined by PBE+D3 are reliable, especially when

being used for comparison across different H bonds.
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Figure S1: Molecular proxies for potential H bond donors and acceptors in PEIL
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Figure S2: Free energy profile of H bond between a hydroxyl group and a 2° amine con-
structed from constrained AIMD simulations. Each discrete data point, shown as black
cross, corresponds to one constrained AIMD simulation with specific fixed acceptor-to donor
distance, in this case dy_g. To better illustrate the specified reaction coordinate, snapshots
of molecular structures are shown for three dy . The bond free energy (AF') is defined as

the energy of the local minimum relative to the flat region at large dy_o. Color code: black
- C, blue - N, red - O, pink - H.
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Figure S3: Comparison of AF computed using PBE+D3 vs. SCAN for two different H
bonds.
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Figure S4: AF as a function temperature for Nyo ... —Hgp. Linear regression was performed
to determine the underlying AH and AS.



1.2 Deep potential molecular dynamics

NPT molecular dynamics simulations of PO-functionalized TETA dissolved in liquid TETA
were performed with a deep neural network (DNN) potential trained on the density functional
SCAN." The construction of the DNN potential followed the smooth version of the Deep Po-
tential Molecular Dynamics method,® using a 3-layers deep neural network with 60 neurons
per layer. The input descriptor for the DNN consisted of the chemical environment within
6 A radius of each atom, smoothly decaying from 1 A. The training data of the DNN were
collected through the active learning method proposed by Zhang et al.,” and it included con-
figurations of liquid TETA and PO-functionalized TETA dissolved in liquid TETA explored
at 300 K and 1 bar. Calculations using the density functional SCAN employed Troullier
Martins pseudopotentials,*” with wavefunctions and electron density planewave-expanded
at 200 and 800 Ry cutoff, respectively. Molecular dynamics were performed on periodi-
cally repeating systems containing 72 TETA or 64 TETA and 8 PO-functionalized TETA
molecules per unit cell. Temperature was controlled at 300 K and pressure kept at 1 bar
using a Nosé-Hoover thermostat chain® with 3 beads and the Parrinello-Rahman barostat,™
respectively.

The DNN was trained using the DeepMD-kit code® (version 2.1.5), and all molecular
dynamics simulations were carried out with the Lammps code®® interfaced with DeepMD-
kit. First principles calculations using the SCAN functional were performed with the PWscf
code of Quantum-ESPRESSO"™ package (version 6.8) interfaced with Libxc (version 4.3.4).

The dynamic stability of the H bond network, i.e. H bond survival probability, is studied
through a history-dependent time correlation function of H-bonds.*? This function, P(t),
measures the probability that a H-bond between atoms types ¢+ and ;7 will be intact over an

entire period ¢. The expression of P;;(t) is given below

<hij(t>hij<0)5(f07[1 — hi; (t)]d7)>
(hij)

Py(t) =



Figure S5: A snapshot of the simulation cell employed for the DPMD simulation of partially
PO-functionalized liquid TETA. Atom colors: C-gray, N-blue, O-red, H-pearl white.

with h;;(t) equals to 1 if a pair of atoms with types i and j are H-bonded and zero otherwise.
The definition of an intact H,O0—H,0O H bond adopted is (i) dg.o < 3.5 A and (i) 05 5.0
< 30° as suggested by Starr et al.’8 A similar definition is adopted for an intact amine-
hydroxyl H bond as its equilibrium acceptor-to-donor distance (Figure 1) is similar to that
of a water-water H bond:™ dy , < 3.5 A and 6y ;.o < 30°. Figure 1 shows that the
equilibrium acceptor-to-donor distance of an amine-amine H bond is roughly 0.5 A longer
than an amine-hydroxyl H bond, so a looser distance definition is used while the angle
definition remains the same: dy < 4 A and 6y ;. < 30°. The brackets in this expression
indicate average over initial time and over pairs of atoms ¢ — j initially H-bonded at ¢=0.

The delta function is defined as §(z) = 1 if v =0, and §(z) =0 if x # 0.
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Figure S6: H bond survival probability averaged over all hydrogen bonds of the same type
from the DPMD trajectories of partially functionalized liquid TETA, and liquid water at
300 K and 1 bar.



2 Experimental details

2.1 Synthesis of PO-functionalized BPEI

2.1.1 0.2 O:N PO-BPEI

A 100 mL Schlenk flask was charged with branched poly(ethylenimine) (5.08 g, 118 mmol,
Mw = 800 g/mol) and vacuum backfilled 3 times (with argon). 30 mL of anhydrous methanol
was added, and after stirring for 10 minutes, propylene oxide (1.68 mL, 24.0 mmol) was
added dropwise. The reaction mixture was stirred for 24 h at 22 °C. The methanol was then
removed under high vacuum for 48 h at 22 °C and then 5 h at 50 °C, yielding a viscous,
colorless liquid.

'H NMR (500 MHz, D,0) 6 3.86 (hept, J = 6.1 Hz, 1H), 2.95 — 2.29 (m, 21H), 1.11 (m,
3H). '*C NMR (126 MHz, D,0) 6 66.2, 65.7, 65.5, 65.3, 64.9, 61.7, 61.6, 56.3, 56.2, 55.7,
55.6, 53.7, 53.1, 51.0, 50.8, 50.7, 48.8, 47.7, 45.6, 39.9, 39.9, 37.8, 20.3, 19.7.
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Figure S7: '"H NMR spectrum (Top, 500 MHz) and *C NMR spectrum (Bottom, 126 MHz)
of 0.2 O:N PO—-BPEI collected in D,O.

2.1.2 0.4 O:N PO-BPEI

A 100 mL Schlenk flask was charged with branched poly(ethylenimine) (5.06 g, 118 mmol,
Mw = 800 g/mol) and vacuum backfilled 3 times (with argon). 30 mL of anhydrous methanol
was added, and after stirring for 10 minutes, propylene oxide (3.36 mL, 48.0 mmol) was
added dropwise. The reaction mixture was stirred for 24 h at 22 °C. The methanol was then
removed under high vacuum for 48 h at 22 °C and then 5 h at 50 °C, yielding a viscous,

colorless liquid.
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'H NMR (500 MHz, D,O) § (hept, J = 6.1 Hz, 1H), 2.89 — 2.24 (m, 12H), 1.11 (m, 3H).
3C NMR (126 MHz, D,0) § 66.2, 65.7, 65.5, 65.3, 64.9, 62.8, 62.6, 62.1, 61.6, 56.2, 55.7,
53.7,53.1, 51.9, 51.5, 51.1, 50.8, 50.7, 48.8, 47.7, 45.6, 39.9, 39.8, 37.8, 20.3, 19.7.
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Figure S8: '"H NMR spectrum (Top, 500 MHz) and *C NMR spectrum (Bottom, 126 MHz)
of 0.4 O:N PO—-BPEI collected in D,O.
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2.2 Differential Scanning Calorimetry (DSC)
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Figure S9: DSC of BPEI (MW = 800 g/mol), showing estimation of T,,s and T,, values
used to determine T} (via half-width).
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Figure S10: DSC of 0.2 O:N PO—BPEI, showing estimation of T, and T,,4 values used to
determine T, (via half-width).
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Figure S11: DSC of 0.4 O:N PO—BPEI, showing estimation of T,,, and T,,4 values used to
determine T, (via half-width).

2.3 Photoluminescence (PL) spectroscopy

PL experiments were performed on a custom built Princeton Instruments spectrometer us-
ing a liquid Ny-cooled Si CCD (PyLoN) array for collecting visible-NIR spectra (400-900
nm). Intensity calibration was preformed daily using an IntelliCal USB-LSVN (9000-410)
calibration lamp. Samples were placed in a 2 mm quartz cuvette and excited with a 365
nm LED (7.5 nm FWHM). A 400 nm longpass filter was employed between the sample and
collection fiber. Emission spectra were collected from 200-800 nm using a 150 g/mm grating
with 800 nm blaze and 3 mm slit; 20 spectra were averaged with an overall exposure time
of 5 seconds. Temperature control was achieved with an Oxford Instruments OptistatDN
sample-in-N,-vapor cryostat. Polymer samples were both cooled and heated at a rate of
1°C/min. The standard error was calculated by dividing the standard deviation by the
square root of the sample size, typically attained from three different independent samples.
Tetrakis(4-hydroxyphenyl)ethylene (THPE) was employed as the fluorescent probe molecule
in this work. The shape of the emission spectra from this probe is highly influenced by the
viscosity of the matrix in which it is suspended. Details of the photophysical mechanisms
responsible for this behavior are described elsewhere. "9 Briefly, the probe is non-emissive

when well solvated in low viscosity solvents, where free rotation of the phenyl groups in the
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excited state provides numerous non-radiative pathways for decay back to the ground state.
However, when the probe is aggregated or in a glassy matrix, restriction of these rotations to
varying degrees leads to wavelength dependent emission from the excited state of the probe
molecule. In this work, 0.5 wt.% THPE was stirred into each bulk polymer under N, in the
dark at 80 °C for 1 h to ensure full dissolution of the probe. The samples were cooled at
1 °C/min to -110 °C, at which point the light source was attenuated to achieve maximum
signal to noise in the emission spectrum. The samples were then heated at the same rate in

order to minimize hysteresis effects, and spectra were recorded every 10 °C.
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Figure S12: Normalized emission spectra of 0.5 wt.% THPE doped into 0.4 O:N PO-BPEI
as a function of temperature. Excitation at 365 nm.

2.4 NMR relaxometry

T, and Ty NMR relaxometry measurements were carried out with a single-sided PM2 NMR-
MOUSE (Mobile Universal Surface Explorer) from Magritek GmbH, operating at a frequency
of 28.05 MHz for 1H with the static magnetic field gradient of 39.9 T'//m. A vial of liquid BPEI
or PO-functionalized BPEI was degassed under vacuum, sotred under argon, and placed on
top of the NMR MOUSE for analysis. Signals are detected by a horizontal slice detection

area of 12.5 x 12.5 mm? configured to the max penetration depth of 1.9 mm. For these
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measurements, a slice thickness of ~100 pm (acquisition time of 6 us) was used to reduce
the echo time and maximize the acquisition volume of signal. A radio frequency pulse length
of 1.8 us with varying amplitudes was used for the 90°C and 180°C pulses in the CPMG and
T, saturation recovery experiments for measuring T, and T, respectively. For the CPMG
experiments an echo time of 28 us was used with 1000 echoes totaling 28 ms in acquisition
time and 64 scans were acquired to improve signal to noise. For T, saturation recovery
experiments the recovery delay was incremented exponentially with 32 steps between 0 to
800 ms max recovery time, a CPMG detection was used for detecting each T, recovery
increment using the same echo time of 28 us, co-adding the first 100 echoes and acquiring

16 scans to improve signal to noise.
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